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ABSTRACT 
Cerebral palsy (CP) is the most common motor disability in childhood.  Children with CP 
often develop abnormal gait patterns such as a shorter and slower step, a limited range-of-motion 
of the ankle, knee, and hip joints, and abnormal muscle spasticity and activation patterns. Whole-
body vibration (WBV) is a new intervention paradigm that has demonstrated its effectiveness in 
clinical populations such as adults with stroke and children with CP. However, the effect of 
WBV frequency and amplitude and the optimal intervention dosage have not been fully under-
stood in children with CP. The purpose of this study was to evaluate the acute effect of single-
session WBV with two different amplitudes on (a) muscle spasticity, spatiotemporal gait param-
eters, and standing posture, and (b) joint kinematics and muscle activation patterns during walk-
ing in children with CP. Ten children with spastic CP aged 7-17 years participated in this study. 
Two WBV sessions were presented with the same frequency of 20Hz but two amplitudes (low 
amplitude: 1mm and high amplitude: 2mm). Each vibration session included 6 sets of 90-second 
vibration exposure and 90-second rest. Modified Ashworth scale, overground walking, and 60-
second quiet standing tasks were performed at baseline and after each WBV session. Four mus-
cles were studied including lateral gastrocnemius, tibialis anterior, vastus lateralis, and biceps 
femoris from the affected side for those with hemiplegia diagnosis and from the less affected 
side for those with diplegia diagnosis. For data analysis, participants were categorized into either 
a high-response (increasing stride length after WBV intervention) or a low-response subgroup 
(no change in stride length). Both subgroups reduced spasticity after both WBV sessions, and the 
high-response subgroup displayed a decreased postural sway during standing after the high-am-
plitude WBV. Both subgroups, especially the high-response subgroup, displayed increased ankle 
range-of-motion and decreased muscle activity during overground walking, which might be due 
to the reduced spasticity. Our results suggest that a single-session of WBV intervention with a 
higher amplitude can induce an acute effect on reducing muscle spasticity and improving motor 
function in some children with CP. 
 
INDEX WORDS: Whole-body vibration; cerebral palsy; gait patterns; balance; joint kinematics; 
leg muscle activation. 
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CHAPTER 1 THE EFFECTIVENESS OF DIFFERENT REHABILITATION  
PARADIGMS FOR CHILDREN WITH CEREBRAL PALSY 
Guiding Questions 
Cerebral palsy (CP) is the most common motor disability in childhood, and the term cere-
bral palsy refers to a group of conditions that share similar developmental features with different 
severities. In 2004, a formal definition of cerebral palsy was given by an international panel as 
follows: “Cerebral palsy describes a group of permanent disorders of the development of move-
ment and posture, causing activity limitation, that are attributed to non-progressive disturbances 
that occurred in the developing fetal or infant brain. The motor disorders of cerebral palsy are of-
ten accompanied by disturbances of sensation, perception, cognition, communication and behav-
ior, by epilepsy and by secondary musculoskeletal problems.” (Rosenbaum et al., 2007) 
Some of the most common abnormalities in children with CP are deformities of the bones 
and muscles, spasticity, and abnormal muscle tone. Consequently, children with CP have motor 
disorders and generally walk with a slower speed, increased energy expenditure, and abnormal 
gait patterns compared to typically developing children (Rodda, Graham, Carson, Galea, & 
Wolfe, 2004). Previous research examining the benefits of different training methods on the mo-
tor function of children with CP showed promising results. Treadmill training (TT) has been 
shown to have a positive effect on walking speed either on the treadmill or over level ground, but 
no improvement on spasticity was found (Franki et al., 2012). Strength training has been re-
ported to have a benefit on muscle performance but may cause an adverse effect on passive 
range-of-motion (ROM) (Scholtes et al., 2012). Stretching has been shown to cause a reduction 
of spasticity in lower legs, but this benefit did not transfer to the motor function improvement 
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(Pin, Dyke, & Chan, 2006). Therefore, an intervention paradigm that is effective in improving 
motor function and is easy and safe to apply for children with CP is needed.  
Whole body vibration (WBV) is a relative new training method and evidence suggests 
that both single-session and months-long WBV training could have a positive effect in increasing 
walking speed (Cheng, Ju, Chen, Chuang, & Cheng, 2015; Dickin, Faust, Wang, & Frame, 2013; 
Gusso et al., 2016; Lee & Chon, 2013; Ruck, Chabot, & Rauch, 2010; Unger, Jelsma, & Stark, 
2013), reducing spasticity of lower legs (Ahlborg, Andersson, & Julin, 2006; Cheng et al., 2015; 
Tupimai, Peungsuwan, Prasertnoo, & Yamauchi, 2016), and improving Gross Motor Function 
Measure (GMFM) scores (Ahlborg et al., 2006; Ruck et al., 2010) in people with CP. However, 
the frequency and amplitude of WBV varies in these studies and there is no consensus about the 
optimal dosage of the vibration intervention. Furthermore, to our knowledge, little has been con-
ducted in children with CP to evaluate the effect of different frequency or amplitude of WBV on 
improving motor function. The purpose of this dissertation project was to examine the acute ef-
fects of a single-session WBV of different amplitudes on spasticity and motor function in chil-
dren with CP. 
Literature review 
1.1 Cerebral palsy: symptoms and clinical management 
CP is the most common motor disability in childhood (CDC, 2016). People with CP dis-
play different degrees of movement and postural control, sensation, perception, cognition, com-
munication and behavior disorders. Premature birth or neonatal asphyxia could cause lesions in 
the infant’s brain, resulting in abnormalities such as loss of selective muscle control, reliance on 
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primitive reflex patterns to move around, abnormal muscle tone, and/or imbalance between ago-
nists and antagonists muscles (Novacheck & Gage, 2007). This damage to the central nervous 
system (CNS) is permanent and disorders of CP usually start to present early in infancy.  
The growth of bones is determined by the load adding onto it while the growth of mus-
cles is driven by stretching (Novacheck & Gage, 2007). With the abnormal forces acting on the 
bones due to inactivity and delayed gross motor function, the bones of children with CP would 
grow at a slower rate and into an atypical type; and without adequate “normal play” and stretch-
ing of the muscles, muscles cannot keep up with the growth of the bones (Novacheck & Gage, 
2007). It has been reported that children with CP not only have shorter muscles, but their mus-
cles also contain thinner fibers with fewer and longer sarcomeres (Graham et al., 2016). The 
atypical size of muscle fibers and length of sarcomere may contribute substantially to muscle 
weakness in people with CP; furthermore, it causes contractures of the joints. Additionally, it is 
observed that the affected muscles in CP are mainly biarticular muscles, i.e., muscles across two 
joints (Gage, 1994). 
Spasticity is a condition that is commonly observed in people with CP, and spastic CP is 
the most common subtype, accounting for 77.4% of children with CP (CDC, 2016). About 
63.6% of children with spastic CP have disorders affecting lower and upper limbs on both sides 
(Christensen et al., 2014). Specifically, bilateral spastic CP includes three categories: (1) diple-
gia, in which all four limbs are involved, but the lower limbs are much more affected than the 
upper limbs; (2) triplegia, in which mostly a unilateral upper limb and bilateral lower limbs are 
affected, and the upper limb is less affected than the same-side lower limb; (3) quadriplegia, in 
which all four limbs are equally affected (Graham et al., 2016). In this review and our study, our 
focus is on the motor function and physical intervention of lower limbs.  
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Spasticity is a clinical phenomenon displayed as a hyperactive stretch reflex isolated from 
its inhibitory-modulation system of supraspinal origin. It usually appears in flexors, and the 
stretch reflexes of these muscles are activated rapidly as soon as the limb is extended (Lance & 
Burke, 1974). Spasticity and muscle weakness are the main reasons that make postural control a 
difficult task and limit the mobility of people with CP. The spastic CP is the most common and 
most extensively studied subtype, and was the focus for this review and our study. 
The Gross Motor Function Classification System (GMFCS) is a valid method and has be-
come a criterion standard to classify the gross motor function in children with CP aged 6 to 18 
years old (Palisano, Rosenbaum, Bartlett, & Livingston, 2008). It classifies children with CP into 
five levels from the mildest to the more severe cases, with level I indicating that only walking 
speed, balance, and coordination of the children are limited; while level V signifying that even 
keeping head and trunk in an upright posture is a difficult task (Graham et al., 2016). Among all 
children with CP, about 58.2% of them can walk independently without assistive devices in most 
settings (CDC, 2016), which is equivalent to GMFCS level I and II. Still, with the deformities of 
bones and muscles, spasticity and weakness of muscles, contracture of joints, and insufficient se-
lective motor control, children with CP walk with a slower speed, increased energy expenditure, 
and abnormal gait patterns compared to typically developing children.  
Children with spastic CP walk with a variety of abnormal gait patterns, probably due to 
the spasticity and contracture of the flexors of the hip and the knee, and plantarflexors of the an-
kle (Rodda et al., 2004). The widely used classification of the gait patterns in spastic diplegic CP 
was introduced by Winters (Winters, Gage, & Hicks, 1987) and refined by Rodda and Graham 
(Rodda et al., 2004). Five groups were classified using Rodda et al.’s criteria based on the posi-
tion of the ankle, knee, hip, and pelvis (Rodda et al., 2004). Group I’s gait pattern presents ankle 
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equinus and full extension, or even hyperextension of the knee. Group II describes a jump gait 
that involves ankle equinus and inability to fully extend the knee and hip. Patients in group III 
have normal ROM of ankle but excessively flex knee and hip. Group IV portrays a crouch gait 
with dorsiflexed ankle and flexed knee and hip. Group V involves asymmetrical gait pattern and 
the classifications are different for the two legs. Furthermore, according to Rethlefsen et al.’s re-
view (Rethlefsen, Blumstein, Kay, Dorey, & Wren, 2017), among the 1005 cases they included, 
the most common gait problems in children with spastic CP (5-21 years) are in-toeing (70%), ex-
cessive knee flexion (66%), stiff knee during swing phase (63%), and excessive hip flexion and 
adduction (57% each).  
Surface electromyography (EMG) is often used to assess muscle activation patterns dur-
ing motor activities. During a normal gait cycle of young adults and children with typical devel-
opment (TD), quadriceps begins to contract during the late swing to assist the extension of the 
knee at foot strike, and during the beginning of the stance phase and throughout the pre-swing 
phase to limit the flexion of the knee and ensure an upright posture (Schwartz, Rozumalski, & 
Trost, 2008; Whittle, 2012). Hamstrings begin to fire at the end of the swing phase to prevent hy-
perextension of the knee and continue to contract untill opposite toe-off. It also activates as a hip 
extensor during the early stance phase (Schwartz et al., 2008; Whittle, 2012). Tibialis anterior is 
active throughout swing phase and the first one-third of the stance phase, to help the ankle main-
tain a generally neural position around foot strike and to control the position of the foot to allow 
for a normal heel strike (Schwartz et al., 2008; Whittle, 2012). Gastrocnemius starts to increase 
its activity midway during the stance phase to initiate the plantar-flexing of the ankle and to pro-
vide propulsion at toe off (Schwartz et al., 2008; Whittle, 2012).  
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When using surface EMG to assess the lower leg muscle activation patterns of children 
with CP and their TD counterparts, the EMG signals of children with TD showed clear phasic 
bursts separated by periods of background activity; while the signals of children with CP pre-
sented less distinguishable phasic bursts with prolonged activity spanning the whole gait cycle 
(Wakeling, Delaney, & Dudkiewicz, 2007), indicating the spastic behavior of the muscles 
(Csongradi, Bleck, & Ford, 1979). Abnormal muscle activation patterns might help explain the 
abnormal gait patterns in children with CP to some extent, but there was a lack of correlation be-
tween the abnormal activation patterns and the abnormal kinematic patterns (Syczewska & 
Swiecicka, 2016). However, it was reported that an elevated activity in rectus femoris, and a 
combination of under-activity of TA and over-activity of gastrocnemius before foot strike could 
be observed in children with CP (Wakeling et al., 2007). Even though the activation pattern of 
any single patient is specific (Syczewska & Swiecicka, 2016), the calf muscles were considered 
as the main contributor to the pathologic gait patterns in patients with CP (Stewart & Shortland, 
2010), 
Clinical management of children with CP is mainly focused on two aspects: management 
of growth deformities and management of spasticity (Novacheck & Gage, 2007). Orthopedic sur-
gery is usually needed to correct skeletal malformations and muscle contractures, but is seldom 
done in children younger than 6 (Graham et al., 2016). Medication such as BTX-A and oral bac-
lofen were commonly used with the expectation of reducing spasticity and improving mobility in 
patients with CP, but the effect was inconclusive. Nieuwenhuys et al. conducted a systematic re-
view evaluating the effect of BTX-A on gait in children with CP (Nieuwenhuys et al., 2016). 
Twenty-six studies were included and the target muscles receiving BTX-A injections were gas-
trocnemius and/or hamstrings. Most studies agreed that that BTX-A treatment could improve the 
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maximal dorsiflexion ankle angle during walking, but not the maximal knee and hip flexion an-
gle during the swing phase. Contradicting results were found in maximal knee extension angle 
during stance. Moreover, a disagreement of which gait features to report was obvious in these 
studies: most features such as hip kinematics at coronal and transverse plane, maximum knee 
flexion/extension moment, and maximum ankle energy generation /absorption during gait cycle 
were only reported in one or two studies. Navarrete-Opazo et al. did a systematic review examin-
ing the effectiveness of oral baclofen on reduction of spasticity, and found the results to be con-
flicting (Navarrete-Opazo, Gonzalez, & Nahuelhual, 2016). Reduction of muscle tone, improve-
ment of motor function, and increased level of daily activity were reported in some studies but 
no beneficial effect was reported in other studies. One of the reasons for contradictory results 
might be that people with different subtypes of CP may react to the same treatment differently. 
Novacheck and Gage mentioned, with their years of experience with CP, that identifying a spe-
cific subtype using gait analysis is important in clinical decision. Otherwise, a child “walking 
poorly” might end up “walking differently” after surgical or other treatments (Novacheck & 
Gage, 2007). 
1.2. Commonly used training protocols for children with cerebral palsy 
 Rehabilitation can help enhance the functional status of people with CP. Over the years, 
many studies have been conducted with the intention of finding an effective intervention para-
digm to improve the motor function of people with CP, particularly children with CP. The stud-
ies showed encouraging yet mixed outcomes, and consensus on the effectiveness of physical in-
tervention has not yet been reached. 
 Walking is a fundamental motor skill and has considerable influence in many areas of 
daily life. Gait speed, often referred to as the sixth vital sign, is a parameter that can be used to 
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predict health status (Fritz & Lusardi, 2009), and functional mobility and quality of life (Moreau 
et al., 2016). Previous studies have confirmed that bodyweight supported treadmill training can 
facilitate stepping movements in spinalized cats, and further, in humans with spinal cord injuries. 
Therefore, a good amount of studies was done to investigate the effect of treadmill training (TT) 
with and without partial bodyweight support (PBWS) on the gait parameters and motor skills of 
children with CP. Zwicker and Mayson did a meta-synthesis on the effect of TT on children with 
motor impairments and 22 articles included in the synthesis was on children with CP (0 – 21 
years of age) (Zwicker & Mayson, 2010). Among the 248 children with CP, spastic diplegic CP 
accounted for nearly one third (70 children), and no subtype was reported for another one third 
(89 children). The majority of these articles used PBWSTT and 4 studies used TT only. The 
training protocols were highly heterogeneous in these studies with the TT speed ranging from 
0.07 to 1.39 m/s, body-weight support varying from 0 to 60 percent, training time per session 
ranging from 4 to 45 minutes, frequency of training differing from 1 to more than 5 times per 
week, and the duration of training varying from 2 weeks up to 6 months (Zwicker & Mayson, 
2010).  
Gross Motor Function Measure (GMFM) (GMFM-88 and GMFM-66) is commonly used 
as an observational measure to quantify the gross motor function of children with CP (Alotaibi, 
Long, Kennedy, & Bavishi, 2014; Russell et al., 1989). The items in the GMFM-88 or GMFM-
66 can be grouped into 5 dimensions: (A) lying and rolling, (B) sitting, (C) crawling and kneel-
ing, (D) standing, and (E) walking, running and jumping. Typically developing children can gen-
erally accomplish all the items by the age of 5 years (Russell et al., 1989). GMFM is widely used 
clinically to measure the gross motor function of people with CP and the reliability of using 
GMFM-88 or GMFM-66 in children with spastic CP has been established (Alotaibi et al., 2014; 
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Bjornson, Graubert, & McLaughlin, 2000). In Zwicker and Mayson (2010) meta-synthesis, they 
reported that after TT, the most consistent improvement reported was the increased GMFM 
scores in the D and E dimensions. Also, improvement in treadmill speed, treadmill endurance 
measured by time spent on TT, distance per session, over ground walking speed, and reduction 
of time needed to complete 10-meter walk test were consistently reported in the studies. Im-
provement of stride or step length was found to be limited (average of 0.06m increase in stride 
length) in 4 studies; however, 2 other studies also reported no significant changes after TT in 
these parameters. Many other motor function features were reported in only one or two articles, 
and no significant difference was found after TT compared to the baseline in measurements such 
as single limb stance time, 6-minute walking test (6MWT), muscle tone, spasticity, and lower leg 
muscle strength to name a few. Even though a significant improvement was found in hip and an-
kle kinematics and lower leg muscle co-activation, the evidence level was low: both features had 
an evidence level of IV using the Sackett classification of evidence (Zwicker & Mayson, 2010). 
 Besides TT, several other studies used a variety of gait training protocols as a task-spe-
cific intervention. In Hamed and Abd-elwahab (2011) study, children with CP (6-8 years old) re-
ceived a gait training program with or without pedometer carried out by physical therapists three 
times per week for three months (Hamed & Abd-elwahab, 2011). The gait training included 
walking forward, backward, and sideways, negotiating obstacles, stepping up the stairs, and 
walking on different surfaces. The talking pedometer could play melodies that served as the mo-
tivation and auditory feedback for children’s activities: the more symmetrical and the faster the 
children walked, the more regular and pleasurable the music was. The results showed increased 
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walking speed, stride length, and cycle time because of less choppy steps for both groups. More-
over, the group using the pedometer training displayed a greater improvement in gait parameters 
compared to the control group (Hamed & Abd-elwahab, 2011).  
 One of the causes for the abnormal movements or postures of people with CP is the 
weakness of leg muscles, thus strength training is another widely used intervention method. 
Franki et al. did a systematic review evaluating the effectiveness of basic PT techniques on chil-
dren with CP (Franki et al., 2012). Out of 83 studies include in the review, nearly one-third (25) 
were utilizing strength training as an intervention, which consisted of 128 children with CP. 
Types of training included isotonic, isometric, isokinetic, and mixed strength training targeting 
the leg muscles. Most studies used 8-10 repetitions and trained children with CP 3 times per 
week over a period of 3 to 12 weeks. These studies primarily targeted quadriceps, hamstrings 
and gastrocnemius and they reported a significant improvement in the strength and volume of 
these muscles. Walking speed and GMFM scores in D and E dimensions were also examined in 
some studies and results were inconsistent; some studies reported significant improvement while 
others stated no significant difference between strength training and conventional PT in these 
features (Franki et al., 2012). Moreover, functional or leg-strength training was argued to be an 
unsuccessful intervention with no improvement in spasticity and a potential adverse effect on 
passive ROM of knee flexion during training period (Scholtes et al., 2012). It targets the leg 
muscles but the stronger muscles could dominate the exercise thus becoming stronger or tighter. 
Knee flexors and extensors may become more imbalanced and diminish the benefit of strength 
training in this population (Scholtes et al., 2012). Strength training appears to have no additional 
benefits to people with CP besides the improvement of muscle performance. As Graham et al. 
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stated, instead of considering it as an intervention therapy, strength program should be advocated 
as a part of healthy lifestyle for people with CP (Graham et al., 2016). 
 Spasticity is a major issue for people with CP and passive stretching is widely used in 
conventional PT treatment (Wiart, Darrah, & Kembhavi, 2008) with a belief among therapists 
that such practice would correct tightness or lengthen the contracture of the soft tissues. How-
ever, studies investigating the effectiveness of passive stretching on spasticity of children with 
CP are scarce. Seven studies with 133 children with CP (3-20 years of age) were included in Pin 
et al.’s (2006) systematic review on this topic and the stretching method and dosage varied. Sus-
tained stretching with the aid of devices and manual stretching are two different methods used in 
these studies with duration for each stretch at 20 to 60 seconds with hold. One stretching session 
lasted for 30 minutes in most studies and the length of time for the studies varied from one single 
session to as long as two years. The authors reported positive evidence in reduction of spasticity 
in lower leg after either one session or long term passive stretch although the effect size is lim-
ited. They also found some evidence generally favoring the increase of ROM post stretch while 
some disapproving results were also reported. No long-term residual effect was examined after 
the cessation of stretching intervention. One of the studies also assessed the effects on gait pat-
terns but found no changes after one session of 30-minute stretching (Pin et al., 2006). 
 Additionally, the effectiveness of other types of interventions was explored to some ex-
tent. Threshold electrical stimulation and neuromuscular electrical stimulation were shown to be 
capable of improving lower leg muscle strength, spasticity, ROM at the extremities, and quality 
of gait and walking speed in some articles, while these positive changes were not significantly 
different from the control group in other studies (Franki et al., 2012). A movable platform which 
could induce random forward or backward translational perturbations was used in the balance 
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training, and results showed that balance training could help reduce the COP displacement dur-
ing standing but no improvement on GMFM score was found compared to the control group 
(Shumway-Cook, Hutchinson, Kartin, Price, & Woollacott, 2003). Hippotherapy or hippotherapy 
simulator training appears to improve postural control during walking but results on sitting bal-
ance were inconsistent (Dewar, Love, & Johnston, 2015). Virtual reality training programs were 
also developed in recent years but its effectiveness on improving standing and functional balance 
exhibited inconsistent results (Dewar et al., 2015). 
 To sum up, there is lack of agreement in the optimal type of intervention for people with 
CP, an absence of standardization in the training protocol for each intervention, and a shortage of 
conformity in the outcome measures to quantify the effectiveness of an intervention. 
1.3. Whole body vibration and its possible mechanisms 
WBV platforms can generate a mechanical oscillation motion. Nearly all WBV devices 
provide sinusoidal vibrations in either a synchronous or a side-alternating manner. Side-alternat-
ing vibration platform was claimed to generate rotational movements around the hip and lumbo-
sacral joints, reduce the transmission to the trunk and head, thus causing less potential whole 
body detriment than synchronous WBV (Rittweger, 2010). Further, it has been reported that 
side-alternating WBV intervention could induce more prominent positive effects than synchro-
nous WBV (Abercromby et al., 2007). To describe a sinusoidal vibration, information about two 
parameters are necessary: frequency and the extent of vibration (Rittweger, 2010). The extent of 
the vibration can be given as amplitude, which is the maximum displacement from the equilib-
rium; or peak-to-peak displacement, which is the displacement from the lowest to the highest 
point. Peak acceleration (apeak), or the magnitude of WBV, can then be calculated from frequency 
(f) and amplitude (A) using the equation: 
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apeak = (2πf)2A 
Vibration of specific amplitudes and frequencies or of long duration can be harmful to 
human body, however, previous studies suggest that vibration of low frequency (15-60 Hz), low 
amplitude (<1 to 10 mm), and limited duration of time (<30 minutes) could offer safe mechani-
cal training stimulus to the musculoskeletal system (Cardinale & Wakeling, 2005). Furthermore, 
a previous study has tested the transmission of vibration to different body segments with WBV 
of either high (5.5 mm) or low (2.5 mm) amplitude and a frequency ranging from 5 to 30 Hz 
with 5 Hz of increments (Pollock, Woledge, Mills, Martin, & Newham, 2010). Results suggested 
that at WBV frequency higher than 15 Hz, acceleration decreased with increase of distance from 
toe to the head for a person standing on a platform. It was also reported that even at a high ampli-
tude (5.5 mm) and frequency (30 Hz) of side-alternating WBV, peak acceleration detected at the 
head for healthy young adults was below 0.33 g, indicating a minimum likelihood of adverse re-
actions.  
The mechanisms of direct vibration (i.e. tendon vibration) and its effect on muscle activa-
tion and cutaneous receptors sensitivity have been examined relatively thoroughly; however, 
studies exploring the mechanisms of indirect vibration, such as WBV, are scarce. Spinal reflexes, 
muscle tuning and neuromuscular aspects are all possible contributors that could explain the neu-
ral mechanisms of WBV (Cochrane, 2011). 
Previous studies reported that acute direct vibration can stimulate spindle activity of ago-
nist muscles (Ribot-Ciscar, Rossi-Durand, & Roll, 1998) and depress the antagonist muscles via 
reciprocal inhibition (Eklund & Hagbarth, 1966), which is termed tonic vibration reflex. In con-
trast, the stretch reflex and H-reflex are suppressed during vibration (De Gail, Lance, & Neilson, 
1966). But direct vibration is applied directly to a muscle or tendon, with its frequency being 
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high (100-150 Hz), amplitude being low (1-2 mm), and duration being short (2-15 s). On the 
other hand, indirect vibration like WBV normally uses a lower frequency (15-45 Hz), relatively 
higher amplitude (1-9 mm), and lasts a longer period of time of either intermittent (30-60 s) or 
continuous exposure (3-5 min). Studies on mechanisms of WBV do not support the assumption 
that humans respond to acute indirect vibration in a similar way as tonic vibration reflex 
(Cochrane, 2011). Also, whether WBV could cause excitation of muscle spindles or induce 
stretch reflexes remains inconclusive (Cochrane, 2011).   
Impact forces, caused by daily activity like walking and running can generate vibrations 
of low frequency (10-20 Hz) to the lower limbs (J. M. Wakeling & Nigg, 2001). To damp the vi-
bration and minimize resonance, sensory organs would send impulses to the CNS to increase 
muscle activity and adjust joint stiffness. This response could be elicited by different types of in-
put force mode: either repeated impact force inputs or continuous vibrations (Cochrane, 2011). 
Wakeling et al. asked participants to stand on the WBV platform with vibration of various fre-
quencies (10-65 Hz), and they observed the natural frequency of the soft tissue did not change 
with the change of vibration frequency (J. M. Wakeling, Nigg, & Rozitis, 2002). They suggested 
that damping in the lower leg soft tissue occurred and this damping could cause the mechanical 
energy from vibration to dissipate and be absorbed by the muscles involved. This could explain 
the increased muscle activity during vibration intervention. However, the validation of the mus-
cle tuning hypothesis awaits further studies. 
Similar to resistance training, acute WBV could place load on the neuromuscular system, 
and thus could be the reason for the increase of muscle force and power after intervention 
(Cardinale & Bosco, 2003). Application of direct vibrations has been found to increase motor 
unit firing rates and improve motor unit recruitment. Studies on WBV suggested that there was 
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also an improvement of motor unit recruitment after WBV with an increase in electromyography 
(EMG), force, and power production being observed (Bosco et al., 2000; Delecluse, Roelants, & 
Verschueren, 2003). Moreover, studies have been conducted to examine the effect of WBV of 
different intensities on muscle activities using amplitude from 2 to 5.5 mm, and a frequency 
ranging from 5 to 45 Hz (Hazell, Jakobi, & Kenno, 2007; Pollock et al., 2010). Results showed 
that in the same amplitude condition, leg muscles such as vastus lateralis, biceps femoris, tibialis 
anterior, and soleus displayed an increase of EMG response with an increase of frequency; using 
the same WBV frequency, these muscles activity levels are greater in the higher amplitude con-
dition. Hazell’s and Pollock’s studies also suggested that double the amplitude could result in a 
greater increase of EMG response than increasing the frequency by a small amount (i.e. 5 Hz) 
(Hazell et al., 2007; Pollock et al., 2010). Yet surface EMG is a poor indicator to test motor unit 
synchronization and no direct motor unit measurements have been used in WBV studies 
(Cochrane, 2011). Whether exposure to WBV could affect motor unit discharge in the same 
manner as direct vibration or the optimal intensity for such a positive effect remains untested.  
Vibration could also affect the proprioceptors and thus influence posture control. It was 
suggested that cutaneous receptors under the skin are sensitive to mechanical vibration and be-
come less active during direct vibration (Ribot-Ciscar, Roll, Tardy-Gervet, & Harlay, 1996; 
Ribot-Ciscar, Vedel, & Roll, 1989). About 10% of cutaneous receptors may become aroused af-
ter the cessation of vibration for several minutes (Ribot-Ciscar et al., 1996), which may be the 
reason for the tingling feeling experienced after vibration. The majority of the cutaneous recep-
tors experience a residual effect of reduced activity lasting 15-20 minutes after vibration 
(Pollock, Provan, Martin, & Newham, 2011; Ribot-Ciscar et al., 1996), meaning that sense of 
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touch might be disturbed during and shortly after vibration. Furthermore, depending on the posi-
tion of the application, direct vibration can cause a movement illusion such that vibration on the 
Achilles tendon can provoke falling backwards during vibration (Eklund, 1972). When applied 
on different regions of the foot-sole, direct vibration could also stimulate a shift of posture, with 
cutaneous mechanoreceptors detecting the mechanics vibration and affect motor reflexes 
(Rittweger, 2010). For example, vibration applied under the heel could elicit a forward postural 
sway while vibration applied to the forefoot could cause a backward sway (Kavounoudias, Roll, 
& Roll, 1999). These postural disturbances should not be considered as local responses of single 
muscles, rather, they should be regarded as general reactions of CNS assembling many muscles 
of the body for postural control (Rittweger, 2010). Studies on mechanisms of acute WBV on 
postural control are scarce. Still, the cutaneous receptors under the sole should have similar sen-
sitivity changes under the exposure of WBV, as the cutaneous receptors under the skin respond 
under direct vibration, which might influence the accuracy of somatosensory input and affect 
posture control. Previous studies suggested that there was an increase in postural sway during 
quiet standing immediately after WBV, shown in the increase of COP velocity and excursion 
(Dickin & Heath, 2014). However, postural sway measured by COP velocity and excursion dis-
played an improvement in the more challenging situations (non-level floor with eyes open or 
closed) after WBV and persisted for 20 minutes (Dickin & Heath, 2014). Also, delayed postural 
improvements were reported 10 and 20 minutes after WBV exposures, shown in the decreased 
sway complexity (Dickin, McClain, Hubble, Doan, & Sessford, 2012). One possible explanation 
might be that the exposure to WBV might mask the input of somatosensory information, thus 
participants might rely more on visual or vestibular input to control balance. Still, the mecha-
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nisms on the influence of WBV on postural control are not fully understood. In addition, no inci-
dence of fall has been reported even in frail elderly during WBV intervention, suggesting the 
safety of a WBV intervention paradigm (Rittweger, 2010).  
1.4. Whole body vibration training in other populations 
 WBV has increased its popularity in both clinical practice and research field in recent 
years and the use of WBV as a rehabilitation tool has been investigated in different population 
such as injured young athletes, people with neurological disorders (strokes, Parkinson disease, 
multiple sclerosis, and etc.) and elderly. Previous research showed that WBV has the possibility 
to improve muscle strength and power in those populations, elicit a warm-up effect in young ath-
letes, and improve balance in populations prone to fall (Rittweger, 2010). 
 Patients with stroke present an impaired ability to generate muscle force due to lesion in 
the motor pathways from CNS to the motor units (Patten, Lexell, & Brown, 2004). Muscle weak-
ness is the main contributor for the deteriorated motor function of the affected limb and strength 
training may not be effective or proper to all patients, especially severely affected ones. Positive 
effects of WBV training were found on muscle strength, balance, and motor skills during and af-
ter training in patients with stroke. Liao et al. utilized 3 bouts of 80 seconds synchronous WBV 
training with 1-minute rest between bouts in patients with stroke (56.1 ± 10.2 years old). They 
used a low (frequency of 20Hz and amplitude of 0.6mm, resulting in an acceleration of 0.96g) 
and a high (frequency of 30Hz and amplitude of 0.44mm, resulting in an acceleration of 1.6g) 
intensity while participants maintained eight postures for 10 seconds each during WBV training 
(Liao, Lam, Pang, Jones, & Ng, 2014; Liao, Ng, Jones, Chung, & Pang, 2015). These postures 
included normal standing, semi-squat, deep squat, shifting weight in different directions, lunge, 
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and single-leg standing. Results showed an increase in the muscle activity of vastus lateralis, gas-
trocnemius (Liao et al., 2014), biceps fermoris, and tibialis anterior (Liao et al., 2015) during 
WBV in both low and high intensity. Tihanyi et al. used 6 repetitive bouts of 1-minute synchro-
nous WBV (20Hz, 5mm) with participants standing with both knees flexed 60 degrees, separated 
by 2 minutes of rest (Tihanyi, Horvath, Fazekas, Hortobagyi, & Tihanyi, 2007). They found an 
increase in maximal isometric and eccentric contraction torque in the quadriceps muscle immedi-
ately after WBV. In Van Nes’s study, participants received 4 bouts of 45 seconds of side-alter-
nating WBV (30Hz, 3mm) while standing in a semi-squat posture, separated by 1 minute of rest 
(van Nes, Geurts, Hendricks, & Duysens, 2004). They found a significant decrease of root-mean-
square COP velocity in the AP direction during the eyes-closed condition, and this improvement 
of postural control lasted for 45 minutes post WBV. Silva et al. utilized four bouts of 1 minute of 
synchronous WBV (50Hz, 2mm) followed by 1-minute rest (Silva et al., 2014). Participants were 
instructed to stand with knees flexed to 30 degrees, 90 degrees, or stand with only the affected 
limb during WBV. A significant improvement was shown in the 6MWT and timed up-and-go 
(TUG) test 10 minutes after the cessation of WBV. In Chan’s study, a longer duration of syn-
chronous WBV training protocol was used with 2 repetitions of 10-minute WBV (12Hz, 4mm) 
with participants maintaining a semi-squat position and 1 minute of rest between sessions (Chan 
et al., 2012). Results displayed a WBV effect on improving walking speed, TUG time, and MAS 
score compared to the control group 30 minutes post training. 
 Older adults often experience worsening balance and a higher risk of falling. WBV ap-
pears to be a safe training method to improve postural control. Orr did a systematic review to 
evaluate the effect of WBV exposure on balance in the elderly (Orr, 2015). Among the 16 studies 
included, half of them asked the participants to stand quietly during WBV intervention, while the 
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other half consisted of having participants do exercise such as semi-squat and squat during WBV 
intervention. Half of the studies used Galileo side-alternating WBV platforms and the other half 
either used synchronous WBV or did not report the type of WBV platforms. The majority of the 
studies used intermittent exposure of 3-6 bouts of 0.5-3 minutes of WBV with 30-90 seconds of 
rest in between exposures while some studies used continuous WBV exposure of 3-20 minutes. 
For most studies, the frequency was set at a range of 15-40 Hz and the amplitude at 1-8 mm. The 
participants received training 2-3 times per week in a period of 1.5-6 months. The most con-
sistent result after WBV training concluded in the systematic review was the improvement of 
static balance, commonly measured by single leg stance test. TUG test was generally used to as-
sess functional mobility, and 7 out of 11 studies reported reduced time needed to complete TUG 
test after WBV intervention. Several studies also showed positive effect of shorter walking time 
to cover a certain distance, but the results on walking speed was inconclusive. Additionally, Orr 
pointed out that the benefit of WBV on static balance and mobility was most prominent in fallers 
or frail elderly, and also stated that overall effect of WBV required further research. 
1.5. Whole body vibration training in children with cerebral palsy 
The use of whole body vibration training in people with CP is a rather new intervention 
paradigm in the past ten years. A variety of training protocols have been used and the interven-
tion lasted from one session up to 6 months. Most studies included children aged 6 to 18 years 
old. 
Cheng et al. utilized a 20-minute WBV training session at a frequency of 20 Hz and the 
amplitude of 2 mm on 16 children with CP (Cheng et al., 2015). Each participant performed 
WBV condition on one day and a control condition with WBV not turned on a separate day with 
one week apart. The details of the WBV training protocol such as WBV time and the rest time 
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within one session was not provided. Active ROM of the ankle and knee was measured when the 
participant actively moved the knee/ankle to its full extension/flexion and held the position for 3 
seconds. The median angle of the 3-second trial was used. External force was used in passive 
ROM condition to move the knee/ankle to its maximal range. After a single session of WBV 
training, they reported a greater active ROM but no change of passive ROM of the knee and an-
kle, less spasticity of the lower extremities showing in the MAS score as well as in the Warten-
berg pendulum test, a shorter time needed to finish the TUG test, and a longer distance covered 
in 6MWT in the WBV condition compared to the control condition. Furthermore, an improve-
ment in the MAS score and 6WMT was found immediately after WBV and 30 minutes after the 
cessation of WBV compared to the baseline level in the treatment condition but not in the control 
condition. 
Dickin et al. used 5 bouts of 1-minute WBV with 1-minute rest in between on 8 adults 
with CP (30.3 ± 10.0 years of age) (Dickin et al., 2013). They used an amplitude of 2 mm and an 
individualized frequency that elicited the maximum response of the leg muscles for each partici-
pant on a pre-test. The average individualized frequency was 38.13 ± 8.52 Hz. Dynamic ROM 
was measured during walking. This single session of WBV resulted in significantly increased 
walking speed by an average of 0.032m/s, increased stride length by an average of 0.023m and 
increased ankle dynamic ROM during gait analysis but no change of passive ROM compared to 
the pre-vibration level. 
Most studies examining the long time WBV training effect on people with CP used peri-
odic training with 3 to 6 bouts of 1-3 minutes of WBV followed by 1-3 minutes of rest. Partici-
pants usually received intervention for 3 to 5 times per week for 1.5 to 6 months. Tupimai et al. 
utilized 10 sets of 1-minute synchronous WBV on 12 children with CP at the frequency of 20 Hz 
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for the experimental group, and the training lasted 6 weeks with 5 sessions per week (Tupimai et 
al., 2016). The amplitude for WBV was not reported. The control group and the experimental 
group both received passive muscle stretching treatment during those 6 weeks. The spasticity of 
hip adductors, quadriceps, hamstrings and soleus of the stronger and weaker side were evaluated 
separately using MAS score. After one session of intervention, both groups showed improvement 
in spasticity of the stronger-side lower-leg muscles with lower AS scores. The WBV group also 
displayed significant less spasticity of the soleus of the weaker side compared to their baseline 
level and compared to the control group. Following 6 weeks training, the WBV group showed 
improvement in MAS scores in all the muscle tested, and the control group showed improvement 
in the hamstrings and soleus of the stronger side. Furthermore, the WBV group displayed a lower 
MAS score of the thigh muscles of both sides and soleus of the stronger side than the control 
group (Tupimai et al., 2016).  
Lee and Chon utilized 6 sets of 3 minutes side-alternating WBV training on 30 children 
with CP for 8 weeks (Lee & Chon, 2013). During each WBV training session, the frequency was 
set at a range of 5 to 25 Hz and was progressively increased across the sets, while amplitude had 
a range from 1 to 9 mm to allow for individual adjustment. After intervention, children with CP 
displayed significant improvement in gait parameters such as increased walking speed by an av-
erage of 0.11m/s, increased stride length by an average of 0.10m, and increased ankle angle 
ROM in gait, and decreased cycle time in the WBV group but not in the control group. The au-
thors also reported a significant increase in the thickness of tibialis anterior and soleus muscles 
under ultrasound in the WBV group. Ruck et al. used 3 sets of 3-minute side-alternating WBV 
training with a frequency of 12 to 18 Hz and amplitude of 4 mm on 20 children with CP (Ruck et 
al., 2010). After 6 months of training, they reported a significant increase in walking speed by a 
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median of 0.18 m/s in the WBV group but not in the control group. A significant group differ-
ence was also found in walking speed but not in GMFM score after training. El-Shamy utilized 
the same protocol as Ruck (2010) except that they recruited 30 children with CP and their inter-
vention lasted 3 months (El-Shamy, 2014). The author found a significant phase effect for the 
WBV group such that there was an increase in quadriceps peak torque after training, as well as a 
group effect such that there was a significant difference in quadriceps peak torque favoring WBV 
intervention. Gusso et al. used 3 bouts of 3-minute side-alternating WBV training with 20 Hz 
and 1 mm on 40 children with CP over the period of 20 weeks and no control group was in-
cluded in their study (Gusso et al., 2016). The participants showed a significantly faster speed 
and larger distance in the 6MWT, a shorter time to perform chair rising test, an increase in lean 
mass at the total body level, and an increase in bone mineral density in total body and lower 
limbs measure by a dual-energy X-ray absorptiometry.  
Other WBV training protocols were also reported. Unger et al. used a unique trunk-tar-
geted exercise program that included 45 seconds of warm-up session at 35 Hz and 7 sets of 30-
second different trunk exercise (i.e. sit-up, crunches, cycling, plank, and etc.) at 40 Hz (Unger et 
al., 2013). Twenty-seven children with CP received WBV training 2 to 5 times per week over 4 
weeks besides their typical PT training. A residual effect was also tested 4 weeks after the cessa-
tion of WBV. The authors reported a significant increase in walking speed in 1-minute walk test 
by an average of 0.18m/s and an increase in thickness of abdominal muscles measured by ultra-
sound after 4-week WBV training. No residual effect was found after another 4 weeks of wash-
out period post training.  
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A 6-minute WBV at 25-40 Hz was delivered for 3 times per week over 8 weeks on 14 
adults with CP (21-41 years of age) in Ahlborg et al. study, while the control group did 3 sets re-
sistance training of 10-15 repetitions on a leg press machine (Ahlborg et al., 2006). The WBV 
group exhibited a significant reduction of spasticity in knee extensors of the stronger leg and in-
crease in GMFM scores for dimension D and E. No change in the above parameters was found in 
the resistant training group. No change in 6MWT and TUG was found in both groups. 
To sum up, for people with CP, the most consistent improvement after WBV training was 
the increase of walking speed, either from a single session (Cheng et al., 2015; Dickin et al., 
2013) or months long training (Gusso et al., 2016; Lee & Chon, 2013; Ruck et al., 2010; Unger 
et al., 2013). Progress of other gait parameters was also reported in some studies including in-
creased stride length (Dickin et al., 2013; Lee & Chon, 2013), increased dynamic ankle ROM 
during gait (Dickin et al., 2013), reduced lower leg spasticity (Ahlborg et al., 2006; Cheng et al., 
2015; Tupimai et al., 2016), and increased bone mass (Ruck et al., 2010) and muscle thickness 
(Lee & Chon, 2013; Unger et al., 2013); however, results were inconclusive. Furthermore, 
among the previous studies with children with CP, the intervention protocols varied drastically 
and the types and forms of CP were heterogeneous, leading to inconclusive findings. Nonethe-
less, WBV is an inexpensive intervention paradigm that appears to improve muscle strength and 
reduce spasticity even after one single-bout intervention in children with CP. It is critical to de-
termine the optimal training protocol as well as outcome assessments to make this intervention 
paradigm more beneficial to children with CP. 
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CHAPTER 2 THE EFFECTS OF SINGLE-SESSION WHOLE-BODY 
VIBRATION ON SPASTICITY AND MOTOR FUNCTION OF CHILDREN 
WITH CEREBRAL PALSY 
Abstract 
Cerebral palsy (CP) is the most common motor disability in childhood and spasticity is a 
common symptom in this population. Children with CP often develop abnormal gait patterns 
such as a shorter and slower step, a longer stance time, a smaller range-of-motion of the ankle, 
knee, and hip joints, and greater variability of these parameters, as well as poor posture control 
compared to typically developing children. Whole-body vibration (WBV) is a new intervention 
paradigm that has shown some implications in improving muscle spasticity and motor function 
in children with CP, yet the effects of WBV frequency and amplitude on spasticity and motor 
function have not been fully understood. The purpose of this study was to evaluate the acute ef-
fect of single-session WBV with different amplitudes on muscle spasticity, spatiotemporal gait 
parameters, and standing posture in children with CP. Ten children with spastic CP aged 7-17 
years participated in this study. Two WBV sessions with the same frequency of 20Hz but two 
amplitudes (low amplitude: 1mm and high amplitude: 2mm) were used. Each vibration session 
included 6 sets of 90-second vibration exposure and 90-second rest. Modified Ashworth scale, 
overground walking, and 60-second quiet standing tasks were performed at baseline and after 
each WBV session. Participants were categorized into either a high-response (increasing stride 
length after WBV intervention) or a low-response subgroup (no change in stride length). For 
those with spasticity at baseline, both subgroups reduced the level of spasticity after both WBV 
sessions. Also, both subgroups showed a more persistent feature in center-of-pressure movement 
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after both WBV sessions, and reduced the variability of stride length after high-amplitude WBV. 
However, only the high-response subgroup increased stride length during walking and decreased 
postural sway during standing after WBV sessions, particularly after the high-amplitude WBV. 
This suggests that a single-session of WBV intervention with a higher amplitude may have a bet-
ter acute effect on reducing muscle spasticity and improving motor function than that with a 
lower amplitude in some children with CP. 
Introduction 
Cerebral palsy (CP) is the most common motor disability in childhood and the prevalence 
ranges from 1.5 to more than 4 per 1000 live births of children (CDC, 2016). CP is usually 
caused by lesions of the brain either in utero or at birth, and this damage to the central nervous 
system is permanent but not progressing. Children with CP usually display neuromuscular disor-
ders such as abnormal muscle tone and loss of selective muscle control starting in early infancy 
and further develop secondary abnormalities such as abnormal gait patterns (Novacheck & Gage, 
2007). Spasticity is a clinical symptom displayed as a hyperactive stretch reflex that is isolated 
from its inhibitory-modulation system of supraspinal origin (Lance & Burke, 1974). Spasticity is 
commonly seen in children with CP and more than three quarters of them are diagnosed with 
spastic CP (CDC, 2016). The Gross Motor Function Classification System (GMFCS) is a crite-
rion standard to classify the gross motor function of children with CP aged 6 to 18 years old into 
levels I to V, corresponding to the mildest to the more severe cases, respectively (Palisano, 
Rosenbaum, Bartlett, & Livingston, 2008). Over half (58.2%) of children with CP can walk inde-
pendently in most settings (CDC, 2016), which corresponds to the GMFCS levels I and II 
(Graham et al., 2016). 
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Physical therapy and rehabilitation has been used to assist children with CP in improving 
motor function and spasticity; however, results have been mixed thus far. Treadmill training is 
the most commonly used paradigm for improving walking speed of children with CP either on a 
treadmill or over ground, but improvement in spasticity was not found (Zwicker & Mayson, 
2010). Strength training has been reported to benefit leg muscle strength but may cause an ad-
verse effect on passive knee ROM (Scholtes et al., 2012). Stretching has been shown to reduce 
spasticity in the leg muscles, but this benefit did not transfer to motor function such as walking 
(Pin, Dyke, & Chan, 2006). Whole body vibration (WBV) is a relatively new training paradigm 
and has demonstrated its effectiveness for elderly people with disabilities such as stroke and Par-
kinson’s to increase bone mineral density and improve balance (Rittweger, 2010). This WBV 
paradigm has also been found to elicit a warm-up effect in muscles and to improve muscle 
strength and power in injured athletes (Rittweger, 2010).  
For children with CP, months-long WBV intervention showed a positive effect in in-
creasing walking speed (Gusso et al., 2016; Lee & Chon, 2013; Ruck, Chabot, & Rauch, 2010; 
Unger, Jelsma, & Stark, 2013), reducing spasticity of the lower legs (Tupimai, Peungsuwan, 
Prasertnoo, & Yamauchi, 2016), and improving the Gross Motor Function Measure (GMFM) 
scores (Ruck et al., 2010). However, a variety of frequency (18-25Hz) and a wide range of am-
plitude (1-4mm) of WBV was used in these studies and the relationship between frequency/am-
plitude of WBV and the intervention outcomes remains unclear. A single-session of WBV at 
20Hz and 2mm has demonstrated a benefit on reducing the spasticity of knee extensors (Cheng, 
Ju, Chen, Chuang, & Cheng, 2015; Tupimai et al., 2016), knee flexors (Tupimai et al., 2016), 
and ankle plantarflexors (Park, Park, Choi, Cho, & Rha, 2017; Tupimai et al., 2016), increasing 
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the active range-of-motion (ROM) of the ankle and knee joints (Cheng et al., 2015), and increas-
ing the distance covered during the 6-minute walking test (Cheng et al., 2015) in children with 
CP. However, to our knowledge, no study has been conducted to compare the acute effect of sin-
gle-session WBV with different frequencies and/or amplitudes on children with CP. The peak 
acceleration (a) of the WBV platform is related to both frequency (f) and amplitude (A), by 
a=(2πf)2A. Previous studies suggested that increasing the amplitude from 2.5 to 5.5mm could in-
crease the EMG response of the leg muscles to a greater extent than increasing the frequency by 
5-10Hz within the range of 15-25Hz in healthy young adults (Pollock, Woledge, Mills, Martin, 
& Newham, 2010). But it is not clear whether children with CP would have a similar response to 
different WBV frequencies and amplitudes. Additionally, due to the concern of intolerance of 
WBV with a high frequency and amplitude in children with CP, doubling the amplitude in the 
lower range, rather than increasing the frequency (it would require the increase of frequency 
from 18Hz to above 25Hz to double the peak acceleration), seems to be more applicable for chil-
dren with CP.  
Motor function of children with CP is often evaluated in locomotion tasks such as over-
ground walking. Compared to their typically developing (TD) peers, children with CP have a 
shorter step length, a slower step velocity, a longer stance time, and a shorter swing time during 
walking (Norlin & Odenrick, 1986). Additionally, children with spastic CP between the ages of 
4-16 years display a smaller sagittal plane ROM of the ankle, knee, and hip joints; and these 
ROMs become smaller when they grow older. It was suggested that this might be due to the fact 
that the functional length of the spastic muscle cannot match the growth of the bone over time 
(Bell, Ounpuu, DeLuca, & Romness, 2002; Lamberts, Burger, du Toit, & Langerak, 2016). 
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Moreover, children with CP often exhibit asymmetry of the ratios of stance to swing phases be-
tween the two feet and demonstrate a larger vertical center-of-mass excursion than children with 
TD, suggesting an underdeveloped posture control during walking (Skrotzky, 1983). 
Every movement consists of some degree of variability, and this variability provides the 
means to adapting to environmental changes or new tasks (Vereijken, 2010). Variability can rep-
resent the consistency of movement but too much or too little variability is also associated with 
motor dysfunction: the lack of variability could limit the development of skilled movement, 
while excessive variability might signify inability to reduce the degrees of freedom of the muscu-
loskeletal system and regulate biological noises (Vereijken, 2010). As children with TD grow 
older, their variability in the spatiotemporal parameters of overground walking decreases to 
demonstrate a more consistent and economic performance (Vereijken, 2010). Children with CP 
usually have greater intra-subject variability in stride length, stride time, and cadence compared 
to their TD peers (Skrotzky, 1983), as well as great inter-subject variability of their gait devia-
tions (Dobson, Morris, Baker, & Graham, 2007). A single-session of WBV has the potential to 
reduce the spasticity of leg muscles in children with CP (Cheng et al., 2015; Park et al., 2017); 
however, no study has examined whether this improvement on spasticity after WBV intervention 
would translate to reduction of variability in gait spatiotemporal parameters. 
Children with CP usually have poor balance control and consequently increase the risk of 
falling during daily activities, and their fear of falling might also lead to restricted daily activities 
(El-Shamy, 2014). Children with CP often increase the velocity and sway area of center-of-pres-
sure (COP) movements, especially in the ML direction, compared to children with TD during 
quiet standing (Donker, Ledebt, Roerdink, Savelsbergh, & Beek, 2008). After 3-6 weeks of 
WBV intervention, children with CP showed better control of their static balance measured with 
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an improved pediatric balance scale scores (Tupimai et al., 2016) and the stability index (Ko, 
Sim, Kim, & Jeon, 2016). COP movement is sensitive to measure the postural steadiness during 
standing in both anterior-posterior (AP) and medial-lateral (ML) directions (Prieto, Myklebust, 
Hoffmann, Lovett, & Myklebust, 1996), and our previous work has shown that children with TD 
manipulated their COM movement in the AP and ML direction differently after a single-session 
WBV intervention (Liang, Beerse, Ke, & Wu, 2017). Furthermore, non-linear analysis such as 
detrended fluctuation analysis (DFA) is used to examine the long-range correlation within a bio-
logical time series (Eke et al., 2000; Peng, Havlin, Stanley, & Goldberger, 1995). The DFA scal-
ing exponent normally has a value between 1.0 and 1.5 during quiet standing for young adults 
and children with TD (Delignieres, Deschamps, Legros, & Caillou, 2003; Duarte & Sternad, 
2008; Liang et al., 2017), and a lower value in this range was observed in children with TD sug-
gesting more roughness and lesser persistent features in their posture control (Liang et al., 2017). 
But to our knowledge, no studies have used DFA method to quantify the acute effect of WBV 
intervention on COP movements in children with CP. 
The purpose of this study was to examine the acute effects of a single-session WBV of 
different amplitudes on spasticity and motor function in children with CP. Two WBV interven-
tion sessions with the same frequency (20Hz) but two different amplitudes (LA: low-amplitude 
at 1mm and HA: high-amplitude at 2mm) were presented. The acute effects of WBV were evalu-
ated immediately after the vibration exposure and all the test were completed within 15 minutes 
after each vibration exposure. Effects of vibration intervention were assessed with the modified 
Ashworth scale (MAS) for spasticity of leg muscles, spatial-temporal gait parameters for dy-
namic mobility, and COP measures for static postural control. Our hypotheses were that both 
WBV interventions would reduce spasticity and improve motor function in children with CP by 
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decreasing the MAS scores, increasing stride length and velocity, and decreasing the COP veloc-
ity. Furthermore, HA condition would elicit better outcome measures than the LA condition. 
Methodology 
1. Participants 
 Ten children with spastic CP (7M/3F) between the ages of 7 to 17 years old participated 
in this study (Table 2.1). Three children were diagnosed with hemiplegic CP and the other seven 
were diplegic CP. Six participants were categorized as GMFCS level I, three participants as level 
II, and one participant as level III by their therapists (Graham et al., 2016). Mean (SD) of age 
was 10.1 (3.4) years, height was 1.34 (0.19) m, and body mass was 32.9 (14.4) kg. Subjects were 
recruited through flyers and from local pediatric physical therapy clinics. The inclusion criteria 
were that they were able to walk without assistive devices for 5 meters, stand with or without 
holding a handrail for 3 minutes, and understand verbal instructions. Additionally, if they were 
taking Baclofen, the dosage was consistent for the past 3 months. Participants were excluded if 
they had any other progressive neurological, metabolic, or balance disorders not typically associ-
ated with CP, or they had any lower leg surgeries or severe musculoskeletal injuries within the 
past six months, or they had taken BTX-A injection within the past 3 months, or they had uncon-
trolled epilepsy, or any other contraindications to the WBV intervention.  
Prior to the recruitment, approval was obtained from the Georgia State University Institu-
tional Review Board. Parent permission form was signed by the parent, a written assent was ob-
tained from the participants aged 11-17 years, and a verbal assent was obtained from the partici-
pants younger than 11 years old. Two participants dropped out of the study after completion of 
the LA vibration session due to personal reasons or intolerance of vibration, and their data of the 
LA vibration session were used for further analysis. 
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Table 2.1 Physical characteristics of the participants in each subgroup 
Subgroup ID Diagnosis GMFCS Gender Age 
(yrs) 
Height 
(cm) 
Mass 
(kg) 
Data collection 
location 
High- 
response 
 
 
 
 
CP01 Diplegia II M 15 167 67.1 Home 
CP02 Diplegia I F 10 144 41 Biomechanics 
lab 
CP03 Diplegia II M 8 118 23.2 PT clinic 
CP04 Diplegia I M 10 140.5 25.6 PT clinic 
CP08 Left  
hemiplegia 
II M 10 129 26.4 PT clinic 
Mean  
(SD) 
10.1 
(3.4) 
139.7 
(18.4) 
36.7 
(18.4) 
 
Low- 
response 
 
 
 
 
CP05 Left  
hemiplegia 
I M 10 144 26.2 PT clinic 
CP06 Diplegia I F 17 151 45.9 PT clinic 
CP07 Diplegia III M 7 107.5 21.7 PT clinic 
CP09 Left  
hemiplegia 
I M 7 114 25.3 PT clinic 
CP10 Diplegia I F 7 123.5 26.1 PT clinic 
Mean  
(SD) 
9.6 
(4.3) 
128.0 
(18.8) 
29.0 
(9.6) 
 
Note that the high-response subgroup displayed an increase in stride length after either low-amplitude or 
high-amplitude WBV session compared to the baseline, while the low-response subgroup showed a simi-
lar stride length after either session. CP01 and CP03 completed two vibration sessions on separate days. 
CP05 completed only the low-amplitude vibration intervention and CP04 completed half of the low-am-
plitude vibration intervention, but they both completed the assessment tasks before and after the vibration. 
 
Depending on the convenience of the participants, 1 participant (CP02) completed the 
data collection in the biomechanics laboratory, 1 participant at his own home, and 8 participants 
in the pediatric clinics. The intervention involved two session with either low-amplitude (LA) or 
high-amplitude (HA) of WBV. Among 10 participants, 6 completed both sessions on the same 
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day, 2 completed the two sessions on two separate days, 1 completed only the LA intervention 
session, and 1 completed only half of the LA intervention session. All the participants completed 
the necessary pre- and post-assessments before and after WBV intervention. For the two partici-
pants that completed the two sessions on separate days, the baseline values were comparable be-
tween the two days. 
2. Instrumentation  
 For data collected in the biomechanics lab, an 8-camera Vicon motion capture system 
(Vicon, Centennial, CO) was used to collect the kinematic data at a frequency of 100 Hz. Vicon 
Plug-in-Gait lower-body model was used to place 16 reflective markers bilaterally at the anterior 
superior iliac spine, posterior superior iliac spine, thigh, knee, shank, ankle, heel, and toe on the 
participant (Figure 2.1). The participant walked barefoot on a 10-meter level walkway with two 
AMTI force plates (Advance Mechanical Technology Inc., Watertown, MA) embedded in the 
middle of the walkway. Ground reaction force was collected with the two force plates at a fre-
quency of 1000 Hz during the walking and standing tests. A Galileo Med-L WBV platform 
(StimDesigns LLC, Carmel, CA) was used to provide side-alternating whole-body vibration for 
the single-session WBV intervention. A massage table was used for the assessment of spasticity. 
 
Figure 2.1 Vicon Plug-In-Gait lower body marker placements. 
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For data collected at home/clinic setting, a 5-meter level walkway was cleared for the 
walking test, and a camera (Nikon D90, Nikon Co., Japan) was set in the middle of the walkway 
to videotape the lower leg movement in the sagittal plane at a frequency of 24 Hz. A Kistler port-
able force plate (Kistler Instrument Corp., Amherst, NY) was used to record the ground reaction 
force data during the standing test at a frequency of 1000 Hz. The same Galileo WBV platform 
and the massage table were used to provide vibration and assess the spasticity of the leg muscles, 
respectively. 
 Vicon Nexus (Vicon, Centennial, CO) and Kinovea (Kinovea, France) were used for pro-
cessing the raw data of the walking trials and calculating the spatiotemporal parameters. Vicon 
Nexus (Vicon, Centennial, CO) and Kistler MARS 3.0 (Kistler Instrument Corp., Amherst, NY) 
were used to generate the COP coordinates. A custom-written Matlab (Mathworks, Natick, MA) 
program was used to calculate COP variables. SAS 9.4 software (SAS, Cary, NC) was used to 
conduct statistical analysis. 
3. Experimental Protocol 
 For the participants with hemiplegic CP, the affected leg was analyzed; for the partici-
pants with diplegic CP, the less affected leg was analyzed as it typically supports more of the 
body weight. For the participants that came to the Biomechanics lab for data collection, the 
height (m) and body bass (kg) was measured using a standard scale with a height rod. Anthro-
pometry parameters such as leg length, knee width, and ankle width were measured on both sides 
of the body using a caliper and a tape measure. If the data were collected during home or clinic 
visit, the height (m) was measured using a tape measure when the participant was standing 
straight against a wall and the weight (kg) was measured using the Kistler portable force plate. 
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Painter tapes were placed on the knee and ankle of the tested leg to help identify the joint center 
for future analysis (Figure 2.2). 
 
Figure 2.2 Screenshot from the video footage of a participant walking in a clinic setting. 
 
The spasticity of the leg muscles and motor function of the participants were assessed at 
baseline. Modified Ashworth Scale (MAS) was used to quantify the spasticity of knee flexors, 
knee extensors, and ankle plantarflexors with the knee extended and flexed. The same researcher 
conducted the MAS test on all the participants and the researcher was not blinded from the con-
dition. MAS uses a rating system of 0 to 4 with an additional 1+ score. A score of 0 indicates no 
increase in muscle tone or no spasticity detected, and a score of 4 signifies rigidity of muscle in 
flexion or extension. Then, gait data were collected while participants walked on barefoot along 
the walkway at their preferred speed. A successful trial was the one that the participant walked 
across the whole walkway without a long duration of pause in the middle of the trial. Three suc-
cessful trials were recorded. Next, participants stood quietly on barefoot for one 60-second trial 
on a force plate with the feet hip-width apart and hands placed on their hips. They were in-
structed to stand as straight and still as possible while looking forward. Short resting time was 
provided between trials to limit muscle fatigue.  
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The Galileo Med-L WBV platform was placed on a stable level ground and participants 
was instructed to stand on the platform with knees flexed to about 30° (Cheng et al., 2015). Two 
researchers helped the participants to maintain their heels on the vibration platform if they were 
unable to do so independently, and seven out of ten participants needed the researchers’ assis-
tance for keeping their heels on the vibration platform. The frequency of the WBV was set at 20 
Hz and the amplitude at 1 mm (LA intervention), resulting in a peak vertical acceleration of 1.6g 
(g is gravitational acceleration and equal to 9.81m/s2). Participants stood barefoot on the WBV 
platform for 90 seconds followed by 90 seconds of rest. This 90-second WBV plus 90-second 
rest bout was repeated for a total of 6 times. When participants were standing on the WBV plat-
form, they were allowed to use the front handle to aid their standing posture, but not to lean on 
the handle. Between the WBV exposures, participants were instructed to seat and rest. The LA 
condition was presented first to all the participants to minimize the possible intolerance of the 
HA condition. 
The spasticity of the leg muscles and motor functions were tested again using MAS, 
overground walking, and quiet standing tasks immediately after the LA vibration exposure. After 
the completion of these tests, participants were given at least 15 minutes of rest time before the 
next HA WBV intervention (Cochrane, Stannard, Firth, & Rittweger, 2010; Liang et al., 2017; 
Pollock, Provan, Martin, & Newham, 2011). The HA intervention consisted of six bouts of 90-
second WBV plus 90-second rest with the WBV frequency at 20 Hz and the amplitude at 2 mm, 
resulting in a peak vertical acceleration of 3.2g. Immediately after the HA intervention, the same 
spasticity and motor function tests were conducted for a third time. Therefore, there were a total 
of three conditions in this study: Pre (pre-WBV), LA-Post (post-low amplitude WBV), and HA-
Post (post-high amplitude WBV).  
42 
 
 
 
4. Data analysis and outcome measures 
4.1 MAS 
 For the convenience of calculating the mean value, MAS grade 1+ was recorded as 2, and 
MAS grades 2-4 were recorded as grades 3-5, respectively (Park et al., 2017). Mean MAS scores 
were calculated for knee extensors, knee flexors, and ankle plantarflexors with knee extended 
and knee flexed from the tested leg. 
4.2 Gait spatiotemporal parameters 
 Foot strike was defined as the beginning of a gait cycle and identified using the heel or 
toe based on the participant’s foot strike pattern. Foot off was determined using the placement of 
the toe. Stride length was measured in meters as the anterior-posterior distance between succes-
sive foot strikes of the tested foot. Stride time was defined in seconds as the duration of a com-
plete gait cycle. Stride velocity was calculated in meter/second as stride length divided by stride 
time. Stance time was the duration in seconds between foot strike and toe off and its percentage 
was calculated as the ratio of stance time to stride time. Foot strike and toe-off events of the op-
posite foot were identified and the percentage of double support time was calculated. Coeffi-
cients of variation (CV) of the above parameters were calculated as the ratio of standard devia-
tion to mean across the strides under the same condition for each participant (Protopapadaki, 
Drechsler, Cramp, Coutts, & Scott, 2007). 
4.3 Quiet standing 
Raw ground reaction force data from either Vicon Nexus or Kistler MARS 3.0 were 
smoothed with a low-pass filter at a cut-off frequency of 6 Hz. The original data included 60-sec-
ond quiet standing trial. However, some participants showed unintentional body movements be-
cause of distraction, boredom, or fatigue. Thus 30-second data were selected for further analysis 
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from the first, or middle, or last 30 seconds of a trial which had the minimum unintentional body 
movement. The majority of the 30-second data was selected from the first 30 seconds of a trial. 
All the following outcome measures were calculated in a customized Matlab program. The AP 
and ML COP time series data were processed separately, and the mean value was removed be-
fore further calculation (Prieto et al., 1996). 
4.3.1 Time domain analysis 
Average velocity and root-mean-square (RMS) value of the COP movement were calcu-
lated in the AP and ML directions separately. Average velocity was calculated as the total COP 
excursion divided by time. Fractal dimension (FD) measures the extent to which the COP excur-
sion fits the limiting area of its trajectory (Prieto et al., 1996) and it is used to quantify the com-
plexity of the movement and estimate the instability in postural control (Doherty et al., 2014). 
FD was calculated as below (Prieto et al., 1996):  
FD = log(N) / log(Nd / Excursion); 
where N is the number of data points and d is the diameter of the 95% confidence ellipse area: 
d = [2a 2b]1/2 
where major a and minor b are the radii of the ellipse: 
a = [F0.05[2,n-2](SAP
2 + S ML
 2 + D)]1/2 
b = [F0.05[2,n-2](SAP
2 + S ML
 2 - D)]1/2 
D = [(SAP
2 + S ML
 2) - 4(SAP
2 S ML
 2 – SAPML2) ]1/2 
where F0.05[2,n-2] is the F distribution for a bivariate data with n points and F0.05[2,∞] is equal to 
3.00 when n>120. SAP and SML are the standard deviations of AP and ML time series respec-
tively. SAPML is the covariance: 
SAPML = 1/N ∑𝐴𝑃[𝑛]𝑀𝐿[𝑛] 
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So the calculation of d is reduced as: 
d = [2a 2b]1/2 = [8 F.05[2,n-2](SAP
2  S ML
 2 – SAPML2]1/2 
FD usually has a value between 1 and 2 and a higher value suggests an increased tendency of 
postural instability (Blaszczyk & Klonowski, 2001; Liang et al., 2017). 
4.3.2 Frequency domain analysis 
The COP time series were transformed into power spectral density using a fast Fourier 
transform algorithm in Matlab (Cherng, Lee, & Su, 2003) for the AP and ML time series sepa-
rately. Total power was the integrated area of the power spectrum. Median frequency was the 
frequencies below which 50% of the total power was found.  
4.3.3 Detrended fluctuation analysis (DFA) 
DFA is generally used to assess a long-range correlation in biological time series (Eke et 
al., 2000; Peng et al., 1995). The scaling exponent estimates the correlation between current 
movement and its previous movements (Delignieres et al., 2003). A scaling exponent α greater 
than 1 implies non-stationary and persistent series with α = 1.0 representing a 1/f noise and α = 
1.5 representing a Brownian motion. A lower scaling exponent value in this range implies more 
roughness and lesser persistent features in the COP movements (Eke et al., 2000). The scaling 
exponent for quiet standing of young adults normally falls between the range of 1.0 and 1.5, 
demonstrating a persistence feature of postural control (Delignieres et al., 2003; Duarte & 
Sternad, 2008; Liang et al., 2017). A lower scaling exponent was observed in children with TD 
suggesting more roughness and lesser persistent features in their posture control (Liang et al., 
2017).  
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To calculate the DFA scaling exponent, the COP time series was first integrated to make 
it an unbound time series. It was then divided into consecutive intervals of length n and a regres-
sion line was calculated at each interval. Then, the theoretical value Xn[k] given by the regres-
sion was subtracted from its original value X[k] and the COP data were detrended. For a given 
interval length n, the size of fluctuation was calculated as: 
F(n) = √1/𝑛∑[𝑋[𝑘] − 𝑋𝑛[𝑘]]2 , 
The above computation is repeated for intervals from 10 to N/2. Normally, the F(n) value 
increases with interval length, and a power law is expected as: 
F(n) = anα , 
where a was a constant and α is the scaling exponent.  
5. Statistical analysis 
Three one-way (3 condition) mixed ANOVAs were conducted on the spatiotemporal var-
iables such as stride length, stride time, stride velocity, stance time percentage and double sup-
port time percentage, the CVs of the above mentioned spatiotemporal variables, and the COP 
measures such as RMS and average velocity of COP movement, total power and median fre-
quency, and DFA scaling exponent in the AP and ML directions respectively, as well as fractal 
dimension, to determine the effects of WBV intervention on motor function and static postural 
control. Post-hoc pairwise comparisons with Bonferroni adjustments were conducted when ap-
propriate. A significant level was set at α = 0.05. 
During the data collection, we observed that some participants showed noticeable im-
provements on gait patterns after single-session WBV intervention. The preliminary data pro-
cessing also showed that some participants, but not all of them, displayed an increase of stride 
length after either LA or HA vibration session. Thus we suspected that some participants might 
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have a better response to WBV intervention than the others. To facilitate our data presentation 
and interpretation, we separated participants into two subgroups based on their improvement in 
stride length. If the participant increased stride length more than one SD of his/her baseline value 
after either WBV intervention, he/she was placed into the high-response subgroup; otherwise 
he/she was placed into the low-response subgroup (Table 2.1). There were 5 participants in the 
high-response subgroup and 5 participants in the low-response subgroup. The mean age, height, 
and mass were similar between the two subgroups, except that one participant (CP01) in the 
high-response subgroup was much taller and heavier than all the other participants. Three two-
way mixed ANOVAs (2 subgroup x 3 condition) were conducted on the aforementioned spatio-
temporal variables, the CVs of the spatiotemporal variables, and the COP measures to examine 
the effects of WBV intervention on the two subgroups. Post-hoc pairwise comparisons with Bon-
ferroni adjustments were conducted when appropriate. A significant level was set at α = 0.05. 
Results 
1. Modified Ashworth scale (MAS)  
 Of all the participants, eight showed a decrease of the MAS score and two showed the 
same MAS score of the leg muscles after either LA or HA intervention. Both subgroups demon-
strated similar trend after both vibration sessions (Table 2.2 (a)-(d)). Four out of five participants 
in the high-response subgroup and three out of five in low-response subgroup showed a spastic-
ity of plantarflexors with the knee extended and flexed at baseline. LA and HA vibration im-
proved the spasticity of plantarflexors with either knee extend (Table 2.2 (a)) or flexed (Table 
2.2 (b)) similarly, with an average decrease of 0.5-1.3 points in both subgroups. Two out of five 
participants in either subgroup showed spasticity of the knee extensors (Table 2.2 (c)) and two 
participants in the high-response subgroup and one participant in the low-response subgroup 
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showed spasticity of the knee flexors (Table 2.2 (d)) at the baseline. They generally reduced the 
spasticity level of the thigh muscles by a decrease of 1-3 points, resulting in a MAS score of 0-1 
after either LA or HA vibration session. The individual MAS scores of the leg muscles across 
three conditions are presented in Appendix Table B1. 
 
Table 2.2 Mean (SD) of the modified Ashworth scale (MAS) scores 
(a) Mean (SD) of the MAS scores of the ankle plantarflexors with extended knee. 
Subgroup  Pre LA-Post HA-Post Difference between 
Pre and LA-Post1 
Difference between 
Pre and HA-Post1 
High- 
response 
1.71 (1.25) 1.2 (1.10) 0.75 (0.96) 1 (0.82) 1 (1.41) 
Low- 
response 
1.4 (1.52) 1 (1.41) 1 (1.41) 0.67 (0.58) 1 (1.00) 
1. Note that 3 participants (1 in the high-response subgroup and 2 in the low-response subgroup) did not 
showed spasticity of the ankle plantarflexors with extended knee at all 3 conditions, and they were not 
included in the calculation of the differences. 
(b). Mean (SD) of the MAS scores of the ankle plantar-flexors with flexed knee. 
Subgroup  Pre LA-Post HA-Post Difference between 
Pre and LA-Post2 
Difference between 
Pre and HA-Post2 
High- 
response 
1.57 (0.98) 0.6 (0.89) 1 (0.82) 1.25 (0.96) 0.5 (0.58) 
Low- 
response 
1.4 (1.52) 1 (1) 1 (1.15) 1 (0.00) 1 (0.00) 
2. Note that 3 participants (1 in the high-response subgroup and 2 in the low-response subgroup) did not 
showed spasticity of the ankle plantarflexors with flexed knee at all 3 conditions, and they were not in-
cluded in the calculation of the differences. 
(c). Mean (SD) of the MAS scores of the knee extensors. 
Subgroup  Pre LA-Post HA-Post Difference between 
Pre and LA-Post3 
Difference between 
Pre and HA-Post3 
High- 
response 
0.71 (0.95) 0 (0) 0.5 (0.58) 1 (1.41) 0.5 (0.71) 
Low- 
response 
0.8 (1.30) 0.6 (0.89) 0.25 (0.5) 0.5 (0.71) 0 
3. Note that 6 participants (3 in each subgroup) did not showed spasticity of the knee extensor at all 3 
conditions, and they were not included in the calculation of the differences. For the 2 participants of the 
low-response subgroup that were included in this calculation, 1 of them did not complete the HA vibra-
tion condition. 
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(d). Mean (SD) of the MAS scores of the knee flexors. 
Subgroup  Pre LA-Post HA-Post Difference between 
Pre and LA-Post4 
Difference between 
Pre and HA-Post4 
High- 
response 
0.86 (1.21) 0.2 (0.45) 0.25 (0.5) 1.5 (2.12) 1 (1.41) 
Low- 
response 
0.6 (1.34) 0 (0) 0 (0) 3 3 
4. Note that 7 participants (3 in the high-response subgroup and 4 in the low-response subgroup) did not 
showed spasticity of the knee flexors at all 3 conditions, and they were not included in the calculation of 
the differences. 
 
2. Spatiotemporal gait parameters  
When considering all the participants together, they showed a trend of increasing stride 
length and stride velocity and decreasing stance time percentage and double support time per-
centage after either the LA or HA vibration session. However, statistical analysis revealed no 
significant difference in these spatiotemporal parameters across three conditions (Table 2.3). 
Also, all the participants as a group displayed a trend of decreasing CV of all the spatiotemporal 
parameters after the HA vibration. Statistical analysis found a significant difference in CV of 
stride length across three conditions (F(2,16)=7.21, p=0.006). Post-hoc analysis revealed that the 
CV of stride length was smaller at HA-Post compared to both Pre (effect size Cohen’s d=0.63) 
and LA-Post (effect size Cohen’s d=0.65) conditions (Table 2.4). No difference was found in the 
CVs of other spatiotemporal gait parameters (Table 2.4). 
Table 2.3 Mean (SD) of spatiotemporal gait parameters of all the participants during overground 
walking 
Condition Stride 
Length (m) 
Stride 
Time (s) 
Stride  
Velocity (m/s) 
Stance percentage 
(% of gait cycle) 
Double support 
percentage (% 
of gait cycle) 
Pre 0.81 (0.31) 0.99 (0.14) 0.83 (0.38) 64.0 (6.5) 30.5 (12.6) 
LA-Post 0.80 (0.31) 0.92 (0.17) 0.91 (0.40) 63.0 (6.7) 29.5 (12.2) 
HA-Post 0.84 (0.28) 1.00 (0.14) 0.88 (0.38) 62.5 (6.2) 28.8 (10.7) 
No significant difference was found across the three conditions at α=0.05.  
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Table 2.4 Mean (SD) of coefficient of variation of spatiotemporal gait parameters of all the par-
ticipants during overground walking 
Condition Stride 
Length 
Stride Time Stride Velocity Stance Time 
percentage 
Double support 
percentage 
Pre 14.4 (11.3) 12.0 (6.4) 19.9 (11.4) 5.4 (2.0) 16.9 (8.2) 
LA-Post 13.3 (7.8) 12.4 (7.6) 15.8 (8.3) 6.9 (4.5) 17.1 (9.6) 
HA-Post 8.0 (8.6)* Ɨ 7.8 (3.9) 12.9 (5.1) 5.7 (3.2) 15.4 (5.5) 
A symbol * denotes a significant difference compared to the baseline, and a symbol of Ɨ denotes a signifi-
cant difference between the two vibration intervention. A significant level was set at α=0.05 for statistical 
analysis. 
 
 When separating the participants into the two subgroups, the low-response subgroup had 
a longer stride length, a greater stride velocity, a smaller stance time percentage, and a smaller 
double support percentage compared to the high-response subgroup at baseline (Table 2.5). The 
high-response subgroup showed an increase in stride length and stride velocity, and a decrease in 
stance time percentage and double support time percentage after either the LA or HA vibration; 
and these changes were greater for HA-Post than for LA-Post. The low-response subgroup 
demonstrated little change in the above mentioned variables. Statistical analysis showed that 
there was a subgroup by condition interaction (F(2,14)=8.94, p=0.003) in stride length. Post-hoc 
analysis revealed that the high-response subgroup increased stride length from the Pre condition 
to the HA-Post (effect size Cohen’s d=0.32), but not from the Pre condition to the LA-Post con-
dition. Stride length at HA-Post was also larger than that at LA-Post condition (effect size Co-
hen’s d=0.26). In comparison, no difference in stride length was found in the low-response sub-
group across three conditions (Table 2.5). Further, no significant differences were found in stride 
length between two subgroups in each condition. There was a subgroup by condition interaction 
in double support time percentage (F(2,14)=6.48, p=0.010). Post-hoc analysis revealed that the 
high-response subgroup reduced the double support time percentage at both LA-Post and HA-
50 
 
 
 
Post than Pre condition (effect size Cohen’s d=0.30 and 0.36 respectively), but no change was 
found in the low-response subgroup (Table 2.5). Further, no significant differences were found in 
double support percentage between two subgroups in each condition. There was no significant 
subgroup by condition interaction or main effects in stride time, stride velocity, and stance time 
percentage (Table 2.5). The individual data of the stride length and stride velocity across three 
conditions are presented in Appendix Table B2. 
Table 2.5 Mean (SD) of spatiotemporal gait parameters in each subgroup during overground 
walking 
Subgroup Condition Stride 
Length  
(m) 
Stride 
Time  
(s) 
Stride  
Velocity 
(m/s) 
Stance  
percentage 
(% of gait 
cycle) 
Double  
support  
percentage (% 
of gait cycle) 
High- 
response 
Pre 0.70 (0.39) 1.04 (0.13) 0.71 (0.49) 67.5 (7.1) 36.5 (14.8) 
LA-Post 0.71 (0.42) 0.93 (0.21) 0.82 (0.55) 65.1 (8.7) 31.9 (15.8)* 
HA-Post 0.82 
(0.39)* Ɨ 
1.02 (0.19) 0.87 (0.53) 64.5 (7.8) 31.3 (14.4)* 
Low- 
response 
 
Pre 0.93 (0.16) 0.94 (0.14) 1.00 (0.17) 60.5 (3.7) 24.4 (6.8) 
LA-Post 0.89 (0.13) 0.91 (0.15) 1.00 (0.19) 61.0 (3.7) 27.2 (8.5) 
HA-Post 0.86 (0.18) 0.97 (0.10) 0.90 (0.23) 60.5 (4.3) 26.3 (6.5) 
A symbol * denotes a significant difference compared to the baseline, and a symbol of Ɨ denotes a signifi-
cant difference between the LA and HA interventions. A significant level was set at α=0.05 for statistical 
analysis.  
 
The low-response subgroup had lower CVs in stride length and stride velocity than the 
high-response subgroup at baseline (Table 2.6). The high-response subgroup displayed a de-
crease in CVs of stride length, stride time, and stride velocity from Pre to HA-Post condition; 
while the low-response subgroup only showed a decrease in CV of stride length. Statistical anal-
ysis showed that there was a condition main effect (F(2,14)=8.75, p=0.003) in CV of stride 
length. Post-hoc results revealed that the CV of stride length at HA-Post was smaller than that at 
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both Pre and LA-Post conditions for both subgroups (high-response subgroup: effect size Co-
hen’s d=0.71 and 0.32 respectively; low-response subgroup: effect size Cohen’s d=1.23 and 2.73 
respectively) (Table 2.6). There was a subgroup by condition interaction for the CV of stride 
time (F(2,14)=3.82, p=0.047). Post-hoc analysis revealed that the CV of stride time was smaller 
at HA-Post than at Pre and LA-Post conditions only in the high-response subgroup (effect size 
Cohen’s d=1.43 and 1.57 respectively); while it remained consistent across the three conditions 
for the low-response subgroup (Table 2.6). No difference was found in CV of stride time be-
tween the two subgroups (Table 2.6). No significant subgroup by condition interaction or main 
effects was found in CVs of stride velocity, stance time, stance time percentage or double sup-
port time percentage (Table 2.6). 
Table 2.6 Mean (SD) of coefficient of variation of spatiotemporal gait parameters in each sub-
group during overground walking 
Subgroup Condition Stride 
Length 
Stride 
Time 
Stride  
Velocity 
Stance Time 
percentage 
Double support 
percentage 
High-re-
sponse 
 
Pre 21.0 (12.6) 14.2 (8.3) 23.3 (8.0) 5.7 (2.6) 17.3 (8.8) 
LA-Post 16.1 (10.5) 15.9 (9.0) 19.1 (10.3) 8.1 (6.3) 18.4 (7.6) 
HA-Post 12.7 
(10.6)* Ɨ 
5.3  
(3.2) * Ɨ 
13.0 (6.8) 4.5 (3.1) 15.0 (5.2) 
Low-re-
sponse 
 
Pre 7.8 (4.5) 9.8 (3.2) 12.3 (5.7) 5.1 (1.5) 16.5 (8.5) 
LA-Post 10.6 (3.0) 9.0 (4.5) 12.5 (4.6) 5.8 (1.5) 15.8 (12.1) 
HA-Post 3.4 (2.2)* Ɨ 10.4 (2.7) 12.8 (3.8) 6.9 (3.1) 15.9 (6.7) 
A symbol * denotes a significant difference compared to the baseline, and a symbol of Ɨ denotes a signifi-
cant difference between the two vibration interventions. A significant level was set at α=0.05 for statisti-
cal analysis. 
 
3. COP variables 
 When counting all the participants as one group, they showed similar values of RMS and 
average velocity (Table 2.7), and similar values of frequency domain measurements across three 
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conditions (Table 2.8). The DFA scaling exponent seemed to increase in the AP but not ML di-
rections after either the LA or HA vibration (Figure 2.3). One-way ANOVA with repeated 
measures showed that there was a difference in FD value across three conditions (F(2,16)=3.72, 
p=0.047). Post-hoc analysis revealed that compared to the baseline, the FD value decreased at 
LA-Post (effect size Cohen’s d=0.94) but not at HA-Post condition (Table 2.7). There was a dif-
ference in scaling exponent value in the AP direction across three conditions (F(2,16)=6.26, 
p=0.010). Post-hoc analysis revealed that scaling exponent was larger at either LA-Post or HA-
Post than Pre condition (effect size Cohen’s d=1.27 and 1.09 respectively) (Figure 2.3).  
Table 2.7 Mean (SD) of the time-domain center of pressure (COP) variables of all the partici-
pants during quiet standing. 
Condition RMS AP 
(mm2) 
RMS ML 
(mm2) 
Velocity AP 
(mm/s) 
Velocity ML 
(mm/s) 
FD 
Pre 10.9 (6.1) 10.1 (5.2) 19.8 (9.5) 17.7 (9.8) 1.40 (0.06) 
LA-Post 11.9 (6.4) 11.4 (6.1) 16.6 (8.5) 16.6 (10.0) 1.34 (0.05)* 
HA-Post 10.9 (5.4) 12.6 (7.7) 15.9 (8.5) 17.7 (9.5) 1.36 (0.08) 
A symbol * denotes a significant difference compared to the baseline. A significant level was set at 
α=0.05 for statistical analysis. 
 
Table 2.8 Mean (SD) of the frequency-domain COP variables of all the participants during quiet 
standing. 
Condition Power AP  
(mm2) 
Median frequency 
AP (Hz) 
Power ML  
(mm2) 
Median frequency 
ML (Hz) 
Pre 76.7 (41.0) 0.53 (0.16) 68.4 (37.7) 0.46 (0.17) 
LA-Post 76.6 (39.9) 0.47 (0.16) 75.7 (50.4) 0.43 (0.10) 
HA-Post 61.0 (29.0) 0.45 (0.18) 81.3 (51.9) 0.43 (0.21) 
No significant difference was found across the three conditions at α=0.05. 
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Figure 2.3 Mean and SD of DFA scaling exponent α from all the participants in the AP and ML directions 
across three conditions: Pre (pre-WBV), LA-post (post-low amplitude WBV), and HA-post (post-high 
amplitude WBV). A symbol * denotes a difference from the baseline. COP: center-of-pressure; AP: ante-
rior-posterior direction; ML: medial-lateral direction. 
After dividing the participants into two subgroups, the low-response subgroup showed a 
smaller RMS and velocity of COP in both the AP and ML directions than the high-response sub-
group during quiet standing at baseline (Table 2.9). The high-response subgroup showed a re-
duction of RMS in the AP but not ML direction after the HA vibration, while the low-response 
subgroup showed no change for these variables after both vibration sessions. Statistical analysis 
showed that there was a significant subgroup by condition interaction in RMS of COP in the AP 
direction (F(2,14)=3.86, p=0.046). Post-hoc analysis revealed that the RMS in the AP direction 
was smaller at HA-Post compared to LA-Post condition only in the high-response subgroup, but 
no change was found in the low-response subgroup across three conditions or between subgroups 
in each condition (Table 2.9). There was a significant condition main effect of FD value 
(F(2,14)=5.16, p=0.021). Post-hoc analysis revealed that FD value decreased at LA-Post com-
pared to Pre condition for both subgroups, but the FD value at HA-Post was no different from 
1.0
1.1
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1.3
1.4
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AP ML
DFA scaling exponent
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*
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that at Pre condition (Table 2.9). There was no significant subgroup by condition interaction or 
main effects in velocity in either AP or ML direction or in RMS of the ML direction (Table 2.9). 
Table 2.9 Mean (SD) of the time-domain center-of-pressure (COP) variables in each subgroup 
during quiet standing. 
Subgroup Condition RMS AP 
(mm2) 
RMS ML 
(mm2) 
Velocity 
AP (mm/s) 
Velocity 
ML (mm/s) 
FD 
High- 
response 
 
Pre 12.1 (7.6) 12.0 (5.5) 21.6 (11.5) 20.5 (12.0) 1.38 (0.05) 
LA-Post 14.4 (7.8) 13.7 (6.2) 19.4 (10.9) 19.8 (11.6) 1.33 (0.07)* 
HA-Post 8.5 (3.3) Ɨ 15.2 (9.2) 17.2 (12.3) 21.4 (12.5) 1.38 (0.09) 
Low- 
response 
 
Pre 9.3 (3.1) 7.4 (3.6) 17.2 (6.0) 13.7 (3.8) 1.41 (0.07) 
LA-Post 9.3 (3.9) 9.2 (5.6) 13.8 (4.8) 13.4 (7.9) 1.36 (0.03)* 
HA-Post 13.4 (6.5) 10.0 (6.1) 14.5 (3.6) 13.9 (3.8) 1.34 (0.07) 
A symbol * denotes a significant difference compared to the baseline, and a symbol of Ɨ denotes a signifi-
cant difference between the two vibration interventions. A significant level was set at α=0.05 for statisti-
cal analysis. 
In the frequency domain analysis, the low-response subgroup seemed to show a smaller 
power in both AP and ML directions than the high-response subgroup (Table 2.10). Both sub-
groups showed similar values of median frequency and maintained these values across three con-
ditions. Statistical analysis showed no significant subgroup by condition interactions or main ef-
fects in the total power and median frequency in either AP or ML direction (Table 2.10). 
Table 2.10 Mean (SD) of the frequency-domain COP variables in each subgroup during quiet 
standing. 
Subgroup Condition Power AP  
(mm2) 
Median frequency 
AP (Hz) 
Power ML  
(mm2) 
Median frequency 
ML (Hz) 
High- 
response 
 
Pre 86.1 (51.7) 0.50 (0.15) 80.4 (43.7) 0.42 (0.16) 
LA-Post 92.3 (49.2) 0.53 (0.19) 88.3 (56.4) 0.42 (0.10) 
HA-Post 57.9 (30.4) 0.48 (0.17) 99.6 (68.2) 0.40 (0.18) 
Low- 
response 
 
Pre 63.5 (15.1) 0.57 (0.18) 51.5 (20.9) 0.52 (0.20) 
LA-Post 60.8 (23.4) 0.41 (0.10) 63.1 (46.3) 0.44 (0.11) 
HA-Post 64.2 (31.7) 0.43 (0.20) 63.0 (27.1) 0.46 (0.26) 
No significant difference was found across the three conditions or between the two subgroups at α=0.05. 
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In the non-linear analysis using the DFA method, both subgroups seemed to show an in-
crease of scaling exponent in the AP but not ML direction after either vibration session (Figure 
2.4 (a) & (b)). Statistical analysis showed that there was a significant subgroup by condition in-
teraction (F(2,14)=4.86, p=0.025) of the scaling exponent α in the AP direction. Post-hoc analy-
sis revealed that the low-response subgroup displayed an increase in scaling exponent at both 
LA-Post (α=1.45) and HA-Post (α=1.53) conditions compared to Pre (α=1.32), while the high-
response subgroup only showed an increase at LA-Post (α=1.48) but not at HA-Post (α=1.36) 
compared to the baseline (α=1.34). In addition, there was a subgroup difference at HA-Post con-
dition (Figure 2.4 (a)). No significant main effects or interaction was found of the scaling expo-
nent value in the ML direction (average α for high-response/low-response subgroup: 1.39/1.36) 
(Figure 2.4 (b)). 
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Figure 2.4 Mean and SD of DFA scaling exponent α in the (a) AP and (b) ML direction in two subgroups 
across three conditions: Pre (pre-WBV), LA-post (post-low amplitude WBV), and HA-post (post-high 
amplitude WBV). A symbol * denotes a difference from the baseline in a subgroup, and a symbol # de-
notes a difference between two subgroups in a condition. COP: center-of-pressure; AP: anterior-posterior 
direction; ML: medial-lateral direction. 
 
Discussion 
Generally, a single session of WBV intervention helped, to some extent, to reduce the 
spasticity of the leg muscles and improve the postural control during quiet standing in children 
with CP. Contrary to our hypothesis, little benefits in gait patterns were observed after the vibra-
tion exposure when considering all the participants as one group. However, after dividing the 
participants into two subgroups, the high-response subgroup showed an improvement in walking 
parameters such as an increase in stride length, a decrease in double support time percentage, and 
a decrease in variability of stride length and stride time. HA vibration appeared to elicit a better 
response than LA vibration especially in the high-response subgroup. 
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1. Spasticity 
In agreement with our hypothesis on spasticity, both subgroups generally showed a re-
duction of spasticity of the leg muscles. Our results were also consistent with the previous stud-
ies, which reported an average decrease of 1-1.5 points of the MAS score of the knee extensors, 
knee flexors, and plantarflexors (Cheng et al., 2015; Park et al., 2017; Tupimai et al., 2016). Both 
subgroups displayed similar improvement in all the muscles tested after either vibration session, 
suggesting that HA of WBV at the frequency of 20Hz might have the similar effect on reduction 
of spasticity as LA condition. However, our participants generally showed a low level of spastic-
ity, with more than half of our participants in either subgroup displaying no spasticity of knee ex-
tensors or knee flexors at baseline, and the average score was less than 1.7 for plantarflexors for 
both subgroups. During the clinic visit, some participants might already have physical therapy 
sessions that reduced their spasticity level before the data collection. The participants might al-
ready have a ceiling effect on spasticity level of leg muscles, which might partially mask the ef-
fect of different amplitudes of WBV on spasticity.  
2. Spatiotemporal gait parameters 
Stride length is an important parameter in gait analysis and it was reported to be sensitive 
to evaluate the change in gait patterns after WBV intervention in patients with CP (Dickin, Faust, 
Wang, & Frame, 2013; Ko et al., 2016; Lee & Chon, 2013), thus it was appropriate to be used to 
separate the participants into two subgroups based on the change of stride length after WBV in-
tervention. When comparing the spatiotemporal parameters of the two subgroups at baseline, the 
low-response subgroup seemed to have had better gait patterns than the high-response subgroup 
including a longer stride length, a faster stride velocity, a shorter stance time percentage, and a 
shorter double support time percentage. Furthermore, the baseline values of stride velocity (1.00 
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m/s) and stance phase percentage (60.5% of gait cycle) in the low-response subgroup were com-
parable to those reported in children with TD (1.07 m/s and 58.9% of gait cycle) (Kim & Son, 
2014). The lack of statistical difference between the two subgroups might be due to the large in-
ter-subject variability within each subgroup and the small sample size.  
Our hypothesis on spatiotemporal gait parameters was partially supported by the result 
that stride length of the high-response group was larger after the HA vibration than that of the 
baseline and after the LA vibration. Moreover, there was a decrease of double support time per-
centage after either the LA or HA vibration in the high-response subgroup. Lack of stability dur-
ing stance phase of walking was reported to be a major problem at the ankle level in children 
with CP (Salem, Lovelace-Chandler, Zabel, & McMillan, 2010). In the high-response subgroup, 
the reduction of spasticity of the plantarflexors after WBV intervention might induce an im-
provement in their stability during stance phase and allowed them to increase COM progression 
in the AP direction, resulting in an increase of stride length. No similar changes were found in 
the low-response subgroup, which might be due to the already larger stride length and shorter 
double support phase at the baseline.  
Both subgroups displayed a consistent and longer stride time compared to children with 
TD (0.82s) (Norlin & Odenrick, 1986), and an unchanged stance time within each subgroup 
across three conditions. A previous study reported that children with CP between the ages of 3 to 
16 years old displayed a similar increasing pattern of stride length, a slower increase in gait ve-
locity, and no change in stance phase with age compared to their TD peers (Norlin & Odenrick, 
1986). Children with CP might have different developmental rates of spatial and temporal pa-
rameters.  Long stride time before and after WBV intervention in both subgroups might imply 
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poor dynamic postural control in maintaining their balance during walking, even after single-ses-
sion WBV intervention. A significant increase of walking speed after the WBV intervention in 
children with CP was reported in several other studies (Gusso et al., 2016; Lee & Chon, 2013; 
Ruck et al., 2010), but not in this study. This difference might be due to the length of WBV inter-
vention as the vibration intervention lasted for several weeks in other studies (Gusso et al., 2016; 
Lee & Chon, 2013; Ruck et al., 2010) but only for one session (9 minutes of vibration) in this 
study. This implies that walking velocity can be improved after the cumulative effect of long-
term WBV intervention, but not after single-session WBV intervention.  
In terms of variability of their gait patterns, there was a decrease of CV in stride length 
independent of subgroups after the HA vibration compared to the other two conditions, implying 
that all participants showed more consistent control of stride length during walking at HA-Post. 
In the high-response subgroup, there was a trend of a decrease in CVs of stride time, stride ve-
locity, and stance time after vibration intervention, yet it did not reach a significant level due to 
the great intra-subject variability. On the other hand, the low-response group might already have 
a gait pattern that was similar to children with TD, and a single-session vibration intervention 
might not be enough to elicit a noticeable response in the variability of their spatiotemporal pa-
rameters. 
3. COP variables 
In the time domain, regardless of subgroups, there was a decrease of fractal dimension in 
the COP movement after the LA vibration compared to the baseline, which only in part sup-
ported our hypothesis on static postural control. Previous study has reported an improvement of 
balance control by analyzing vertical pressure fluctuation during standing in children with CP 
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after 3-week long WBV intervention (Ko et al., 2016); however, no COP data have been col-
lected and analyzed before and after WBV intervention prior to our study. The residual effect of 
single-session vibration on postural control was reported to be short (<10 minutes) in young 
adults and children with TD (Dickin & Heath, 2014; Dickin, McClain, Hubble, Doan, & 
Sessford, 2012; Liang et al., 2017). In this study, we performed the MAS test and the walking 
task before the quiet standing task, and the time between the cessation of WBV and the quiet 
standing was about 5-10 minutes. We did observe a decrease of RMS in the AP direction in high-
response subgroup, indicating some improvement in posture control for this group. However, 
there was no significant difference in average velocity in both the AP and ML directions, par-
tially due to the diminishing residual effect of WBV when the standing task was performed.  
Frequency domain analysis of the COP data could reveal information about the relative 
contribution of different sensory systems during the quiet standing task (Golomer, Dupui, & Bes-
sou, 1994; Liang, Beerse, Ke, & Wu, 2017). It was reported that the visual and vestibular sys-
tems contributed primarily to the low frequency sway below 1 Hz and the ankle-related proprio-
ceptive reflexes were related to sways at frequencies about 4-5 Hz (Golomer, Dupui, & Bessou, 
1994). WBV could cause changes of the sensitivity of the cutaneous receptors on the sole (Ribot-
Ciscar, Roll, Tardy-Gervet, & Harlay, 1996) thus might cause reweighting of the sensory inputs 
for balance control. Nevertheless, the results of this study found that the median frequency in 
both AP and ML directions remained constant at around 0.5 Hz across three conditions, indicat-
ing that children with CP might have relied majorly on the visual input to control their balance 
before and after vibration intervention.  
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When using the non-linear analysis on the COP movement data, an overall increase of 
DFA scaling exponent value in the AP direction were observed after either the LA or HA vibra-
tion in both subgroups. Similar to previous studies in young adults and children with TD (Duarte 
& Sternad, 2008; Liang et al., 2017), we also found a scaling exponent noticeably higher than 1 
(1/f noise) at the baseline for both subgroups of children with CP, indicating a non-stationary 
persistence feature of the postural control during quiet standing. After WBV intervention, an in-
crease of scaling exponent in the AP direction towards 1.5 (Brownian noise) in both subgroups 
might suggests an intrinsic improvement in postural control with less frequent direction change 
in COP movement and an overall smoother movement in the AP direction. Furthermore, an im-
provement of postural control in both subgroups were observed using the DFA analysis but not 
in most time-domain and all frequency-domain measures, suggesting that the DFA method may 
be more sensitive to evaluate postural control before and after WBV intervention in children with 
CP.  
4. Limitations 
One limitation of this study was using the same order of two WBV interventions across 
all participants. We presented the LA vibration first to all our participants due to safety concerns. 
Since WBV was a new intervention for them, without a familiarization session, we fear that the 
stronger vibration might not be tolerable for the participants. Even though adequate rest was 
given between the two WBV intervention, it is possible that the improvement after the HA inter-
vention might be due to the residual effect of the LA intervention. However, as discussed earlier 
that residual effect might last for 10-15 minutes and at least 15-minute rest was provided be-
tween the LA and HA interventions, we deem the improvement after the HA intervention was 
most likely due to the intensity of this WBV intervention. Another limitation was that the same 
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researcher conducted the MAS for all the participants, and the researcher was not blinded of the 
conditions. However, the test-retest reliability of using MAS to evaluate the knee flexors and an-
kle plantarflexors of children with spastic CP was reported to be moderate to good (Mutlu, 
Livanelioglu, & Gunel, 2008). Additionally, an experienced pediatric PT also conducted the 
MAS test on the first two participants and agreed with the reported score. Therefore, we deemed 
our MAS scores were reliable and the reduction of spasticity of the leg muscles was primarily 
due to the WBV intervention. The third limitation was that only the less affected side was tested 
for participants with diplegic CP. The less affected side was selected because these participants 
might use this leg to bear more weight during the vibration sessions and thus have better re-
sponse to the intervention. However, the participants did not lean on one side more than the other 
side during vibration exposure. We also did not observe any noticeable difference in gait param-
eters between the two legs during walking. Nonetheless, future study should examine both legs 
for children with diplegic CP and evaluate whether the two sides respond to WBV intervention 
differently. The fourth limitation was the long duration between the cessation of vibration inter-
vention and the quiet standing task. Due to multiple assessments after intervention, this long du-
ration could not be avoided. Similar to previous studies that showed improvement on balance 
control after long term vibration intervention (Ko et al., 2016; Tupimai et al., 2016), our results 
revealed some improvement of static postural control after single-session WBV intervention, 
which warrant further studies to detect the immediately and long-term residual effect on balance 
control after single-session and long-term WBV intervention. Additionally, participants were 
asked to walk along a 5-meter walkway and the stride velocity of the middle 2-3 strides were 
used for analysis. During the data collection in the home/clinic settings, due to the restriction of 
the space or distractions from the environment, we observed that some participants did not reach 
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a consistent walking pattern during the test and they might have already slowed down halfway 
through the test. We would recommend to use a longer walkway or to analyze more gait cycles 
to increase the consistency of the gait parameters for further studies. 
Conclusions 
After one single-session WBV intervention, children with CP responded similarly in 
terms of reduction of spasticity but differently in terms of changes in gait parameters and pos-
tural control. Regardless of subgroups, the spasticity level of the lower legs did not get worse and 
was reduced after either the LA or HA intervention. The high-response subgroup displayed bet-
ter improvement of their gait parameters and static postural control than the low-response sub-
group, especially after the HA intervention. This suggests that a single-session of WBV interven-
tion with a higher amplitude may have an acute effect on reducing muscle spasticity and improv-
ing motor function in some children with CP. 
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CHAPTER 3 THE EFFECTS OF SINGLE-SESSION WHOLE-BODY 
VIBRATION ON JOINT KINEMATICS AND MUSCLE ACTIVATION OF 
CHILDREN WITH CEREBRAL PALSY 
Abstract 
Children with cerebral palsy (CP) often demonstrate abnormal gait patterns such as 
shorter and slower steps, limited range-of-motion (ROM) of the ankle and knee joints, weakness 
and spasticity of the leg muscles, and abnormal muscle activation patterns. Whole-body vibration 
(WBV) is a new intervention paradigm and has shown the potential to reduce the spasticity of the 
leg muscles and improve gait patterns of children with CP. However, the effect of WBV fre-
quency and amplitude on motor function has not been studied thoroughly and the optimal dosage 
remains unclear. The purpose of this study was to examine the acute effect of single-session 
WBV interventions with the same vibration frequency but two different amplitudes on joint kine-
matics and muscle activation patterns in children with CP. Ten children with spastic CP at the 
age of 7-17 years participated in the study. Two WBV sessions were presented at the same fre-
quency of 20Hz but with two amplitudes (low amplitude: 1mm and high amplitude: 2mm). Each 
vibration session included 6 sets of 90-second vibration exposure and 90-second rest. Four mus-
cles were studied during vibration exposure and during overground walking at baseline and after 
each WBV session, including lateral gastrocnemius, tibialis anterior, vastus lateralis, and biceps 
femoris of the affected leg of children with hemiplegic CP and the less affected leg of children 
with diplegic CP. Participants were categorized into either a high-response (increasing stride 
length after WBV intervention) or a low-response subgroup (no change in stride length). Both 
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subgroups displayed a higher leg muscle activation during the high-amplitude than the low-am-
plitude WBV exposure. After the high-amplitude WBV, children with CP displayed a decreased 
muscle activity of tibialis anterior and an increased range-of-motion of the ankle, especially in 
the high-response subgroup. This suggests that a single-session of WBV intervention with a 
higher amplitude may have an acute effect on improving neuromuscular control of the leg mus-
cles in some children with CP. 
Introduction 
It is reported that the prevalence estimates of cerebral palsy (CP) ranges from 1.5 to more 
than 4 per 1000 children, making CP the most common motor disability in childhood (CDC, 
2016). Symptoms in children with CP often involve permanent but non-progressive motor disor-
ders, accompanied with secondary musculoskeletal problems. Children with CP often show ab-
normal muscle tone, loss of selective muscle control, and/or imbalance between agonists and an-
tagonists muscles (Novacheck & Gage, 2007). Spasticity is another frequently observed symp-
tom in children with CP, and spastic CP accounts for more than three quarters (77.4%) of all the 
children identified with CP (CDC, 2016). Muscle weakness and spasticity limit the locomotion 
ability of children with CP and cause abnormal gait patterns and delayed motor development.  
Among all the children identified with CP, over half (58.2%) of them can walk inde-
pendently in most settings (CDC, 2016). Generally, children with spastic CP walk with a shorter 
step length, a slower speed, a longer stance phase, and higher variability of the above parameters 
compared to their typically developing (TD) peers (Bell, Ounpuu, DeLuca, & Romness, 2002; 
Skrotzky, 1983). They also show a limited range-of-motion (ROM) of the ankle, knee, and hip 
joints in the sagittal plane primarily due to spasticity of the leg muscles and its reduced func-
tional length (Lamberts, Burger, du Toit, & Langerak, 2016). It was suggested that abnormal gait 
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patterns in children with spastic CP were primarily due to the spasticity and contracture of the 
hip and knee flexors and the ankle plantarflexors (Rodda, Graham, Carson, Galea, & Wolfe, 
2004).  
Many studies have been conducted to examine the effectiveness of different rehabilitation 
paradigms on improving the spasticity and motor function in children with CP, and these studies 
showed encouraging yet mixed outcomes. Treadmill training has been shown to increase the 
walking speed both overground and on a treadmill in children with CP, but no improvement of 
spasticity was found (Zwicker & Mayson, 2010). Passive stretching has been found to reduce the 
spasticity of the leg muscles but the benefit cannot be transferred to improve gait patterns (Pin, 
Dyke, & Chan, 2006). Strength training is effective on increasing muscle strength but might be at 
a cost of reducing the range-of-motion (ROM) of the knee (Scholtes et al., 2012).  
Whole-body vibration (WBV) platform is a relative new rehabilitation paradigm. It uses 
mechanical oscillation to alter the neuromuscular function of muscles and has been used to im-
prove motor function in different populations. Previous studies suggest that vibration with a fre-
quency of 15-60 Hz, an amplitude of 1-10 mm, and a duration shorter than 30 minutes can pro-
vide safe mechanical stimulus for adult populations (Cardinale & Wakeling, 2005). The applica-
tion of WBV has been shown to improve muscle strength and power in adults with neurological 
disorders such as stroke, Parkinson’s disease, and multiple sclerosis, produce a warm-up effect in 
injured young athletes, and improve balance in the elderly people who have a higher risk for fall 
(Rittweger, 2010). It is reported that when vibration is applied directly to a muscle belly or ten-
don, it stimulates an increase of spindle activity (Ribot-Ciscar, Rossi-Durand, & Roll, 1998) and 
suppresses the stretch reflex (De Gail, Lance, & Neilson, 1966). However, the vibration provided 
by the WBV platform is not directly applied to a muscle belly or tendon, so the mechanism of 
71 
 
 
 
the WBV effect is still unclear. Possible WBV mechanisms are that it may cause excitation of 
muscle spindles and depress the antagonists (Cochrane, 2011; Ritzmann, Krause, Freyler, & 
Gollhofer, 2018), or incite the central nervous system to increase muscle activity and adjust joint 
stiffness in order to dampen the continuous vibration (J. M. Wakeling & Nigg, 2001), or stimu-
late the increase of muscle force and power production due to the load on the neuromuscular sys-
tem (Cardinale & Bosco, 2003).  
Limited research has been conducted to examine the effect of WBV intervention on spas-
ticity and motor function in children with CP. Months-long of WBV training (frequency varies 
from 18 to 25Hz and amplitude from 1 to 4mm) has been shown to improve gait parameters such 
as an increase in stride length and dynamic ankle ROM, and a decrease in lower leg spasticity in 
children with CP (Gusso et al., 2016; Lee & Chon, 2013; Tupimai, Peungsuwan, Prasertnoo, & 
Yamauchi, 2016). A single-session of WBV at 20Hz and 2mm has been reported to reduce the 
spasticity of the leg muscles and increase the ROM of ankle (Cheng, Ju, Chen, Chuang, & 
Cheng, 2015; Park, Park, Choi, Cho, & Rha, 2017; Tupimai et al., 2016). However, to our 
knowledge, no study has examined the acute effect of single-session WBV with the same fre-
quency but different magnitudes on children with CP. The peak acceleration (a) of the WBV 
platform is based on both frequency (f) and amplitude (A), by a = (2πf)2A. It has been reported 
that doubling the amplitude within the range of 2.5 to 5.5mm can stimulate the leg muscle activi-
ties to a greater extent than increasing the frequency by 5-10 Hz within the range of 15-25Hz in 
young adults (Hazell, Jakobi, & Kenno, 2007; Pollock, Woledge, Mills, Martin, & Newham, 
2010). Given the small range of WBV frequency used for children with CP, it is desirable to in-
crease the amplitude rather than frequency in order to provide a higher peak acceleration in this 
population. 
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When evaluating abnormal gait patterns using surface electromyography (EMG) in chil-
dren with CP, one of the challenges is that EMG signals often show prolonged muscle activities 
with less identifiable phasic bursts, primarily due to muscle spasticity (Wakeling, Delaney, & 
Dudkiewicz, 2007). Moreover, muscle activation pattern varies substantially from child to child 
(Syczewska & Swiecicka, 2016). Even with individual difference, previous studies showed that 
the strength and activation patterns of calf muscles may be correlated to the development of 
pathological gait patterns (Stewart & Shortland, 2010). Specifically, low strength of the plantar-
flexors was reported to be correlated with reduced ankle power generation before push-off (Eek, 
Tranberg, & Beckung, 2011) and a slower walking speed and poor gross motor function scores 
(Damiano & Abel, 1998; Ross & Engsberg, 2007). Furthermore, children with CP often display a 
combination of under-activity of tibialis anterior and over-activity of gastrocnemius before foot 
strike, which contributes to the ankle equinus position and toe-walking patterns in those children 
(Wakeling et al., 2007). Although children with CP often have a lower activity of the quadriceps 
during maximal voluntary contraction (Mockford & Caulton, 2010), they display a higher activ-
ity  during the swing phase of walking (Wakeling et al., 2007). It was reported that a single-ses-
sion of WBV could delay the stretch reflex response of calf muscle and increase the leg muscle 
activation during maximal voluntary contraction in children with CP (Krause et al., 2017). How-
ever, no study has investigated whether these benefits could be transferred to better muscle acti-
vation patterns during walking in this population. 
The aim of this study was to evaluate the acute effect of a single-session WBV on joint 
kinematics and muscle activation patterns during walking in children with CP. Two WBV inter-
vention sessions with the same frequency (20Hz) but different amplitudes (low amplitude: 1mm 
and high amplitude: 2mm) were presented to children with CP. The acute effects of WBV were 
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evaluated immediately after each vibration session and all the test were completed within 15 
minutes after the cessation of vibration. Our first hypothesis was that the high-amplitude WBV 
would elicit higher leg muscle activation than the low-amplitude WBV during the vibration ex-
posure in children with CP. Our second hypothesis was that a single-session of WBV interven-
tion would improve joint kinematics and muscle activation during overground walking such that 
the ROM of the ankle would increase and the leg muscle activation would increase after WBV 
intervention. Between the two interventions, the high-amplitude WBV would elicit better out-
come measures than the low-amplitude WBV. 
Methodology 
1. Participants 
Ten participants aged 7-17 years with spastic CP (7M/3F) were recruited for this study 
(Table 3.1). Among them, seven were diagnosed with spastic diplegic CP and the other three 
were spastic hemiplegic CP. The Gross Motor Function Classification System (GMFCS) 
(Palisano, Rosenbaum, Bartlett, & Livingston, 2008) was used to classify gross motor function 
of each subject. According to their therapists, our participants were classified as level I to III 
(level I: 6, level II: 3, and level III: 1), representing mild to moderate severity. Mean (SD) age, 
height, and body mass were 10.1 (3.4) years, 1.34 (0.19) m, and 32.9 (14.4) kg, respectively. Par-
ticipants were recruited through flyers and from local pediatric physical therapy clinics. The in-
clusion criteria were that participants were able to walk independently for 5 meters without the 
use of assistive devices, stand for 3 minutes with or without holding a handle, and the dosage of 
Baclofen was consistent for past 3 months if it was being used. The exclusion criteria included 
any other progressive neurological, metabolic, or balance disorders not typically associated with 
CP, any lower leg surgeries or severe musculoskeletal injuries within the past six months, BTX-
74 
 
 
 
A injection within the past three months, uncontrolled epilepsy, or any other contraindications to 
the WBV intervention. This study was approved by the Georgia State University Institutional 
Review Board. Parent permission form was signed by the parent of each participant. Child assent 
form was signed by participants aged 11-17 years old, and a verbal assent was obtained from 
participants younger than 11 years.  
Table 3.1 Physical characteristics of the participants in each subgroup 
Subgroup ID Diagnosis GMFCS Gender Age 
(yrs) 
Height 
(cm) 
Mass 
(kg) 
Data collection 
location 
High- 
response 
 
 
 
 
CP01 Diplegia II M 15 167 67.1 Home 
CP02 Diplegia I F 10 144 41 Biomechanics 
lab 
CP03 Diplegia II M 8 118 23.2 PT clinic 
CP04 Diplegia I M 10 140.5 25.6 PT clinic 
CP08 Left  
hemiplegia 
II M 10 129 26.4 PT clinic 
Mean  
(SD) 
10.1 
(3.4) 
139.7 
(18.4) 
36.7 
(18.4) 
 
Low- 
response 
 
 
 
 
CP05 Left  
hemiplegia 
I M 10 144 26.2 PT clinic 
CP06 Diplegia I F 17 151 45.9 PT clinic 
CP07 Diplegia III M 7 107.5 21.7 PT clinic 
CP09 Left  
hemiplegia 
I M 7 114 25.3 PT clinic 
CP10 Diplegia I F 7 123.5 26.1 PT clinic 
Mean  
(SD) 
9.6 
(4.3) 
128.0 
(18.8) 
29.0 
(9.6) 
 
Note that the high-response subgroup increased stride length after either the LA or HA intervention com-
pared to the baseline, while the low-response subgroup maintained stride length after either vibration ses-
sion. Also note that CP01 and CP03 completed two vibration sessions on separate days. CP05 completed 
only the low-amplitude vibration intervention and CP04 completed half of the low-amplitude vibration 
intervention, but they both completed the assessment tasks before and after the vibration. 
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Data were collected either at the biomechanics lab (1 participant), at the participant’s 
home (1 participant), or at the physical therapy clinics (8 participants). Eight out of ten partici-
pants completed the two sessions of WBV intervention, and two participants completed only the 
low-amplitude intervention. Data from all ten participants were used for further analysis.  
2. Instrumentation 
For the data collected at the biomechanics lab, 16 reflective markers were placed bilater-
ally on the participant’s anterior superior iliac spine, posterior superior iliac spine, thigh, knee, 
shank, ankle, heel, and toe based on the Vicon Plug-in-Gait lower-body model (Figure 3.1). An 
8-camera Vicon motion capture system (Vicon, Centennial, CO) was used to collect the kine-
matic data at a frequency of 100 Hz. Two AMTI force plates (Advanced Mechanical Technology 
Inc., Watertown, MA) embedded in the middle of the 10-meter walkway were used to record the 
ground reaction force data at a frequency of 1000 Hz. A Galileo Med-L WBV platform (Stim-
Designs LLC, Carmel, CA) was used to provide side-alternating vibration with two levels of am-
plitudes: 1mm (LA: low amplitude) or 2 mm (HA: high amplitude) at a frequency of 20 Hz. A 
Delsys Trigno wireless EMG system (Delsys Inc., Natick, MA) was used to collect EMG signals 
at a frequency of 4000 Hz. Four EMG sensors were placed on the muscle belly of the lateral gas-
trocnemius (LG), tibalis anterior (TA), vastus lateralis (VL), and biceps femoris (BF) of the 
tested leg following the SENIAM recommendation for electrodes placement and skin preparation 
(Hermens, Freriks, Disselhorst-Klug, & Rau, 2000). The tested leg was the affected leg for the 
hemiplegic participants and the less affected leg for the diplegic participants. The EMG sensors 
also included inertial measurement units (IMU) and collected acceleration data along three axes 
at a frequency of 296 Hz. 
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Figure 3.1 Vicon Plug-In-Gait lower body marker placements. 
 
For the data collected at home or clinic, a 5-meter level walkway was cleared for the 
walking test, and a camera (Nikon D90, Nikon Co., Japan) was placed in the middle of the walk-
way to record the motion of the lower legs in the sagittal plane at a frequency of 24 Hz. A Kistler 
portable force plate (Kistler Instrument Corp., Amherst, NY) was used to record the ground reac-
tion force data during standing at a frequency of 1000 Hz. The same Galileo WBV platform were 
used to provide vibration and the same Trigno wireless EMG system was used to collect EMG 
and acceleration data. 
Vicon Nexus (Vicon, Centennial, CO) and Kinovea (Kinovea organization, France) were 
used to process the marker data collected at the biomechanics lab and at home/clinic, respec-
tively. EMGworks (Delsys Inc., Natick, MA) was used to export the EMG and acceleration data 
and a custom-written Matlab (Mathworks, Natick, MA) program was used to calculate EMG var-
iables. SAS 9.4 software (SAS, Cary, NC) was used for statistical analysis. 
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3. Experimental Protocol 
For the participant who completed data collection in the biomechanics lab, height and 
body mass were measured with a standard scale with a height rod. Anthropometric measures 
were registered with a tape measure and a caliper for leg length, knee width, and ankle width. 
For the participants who completed data collected at home or clinics, height was measured with a 
tape measure when the participant was standing straight against a wall and body mass was meas-
ured with the portable force plate. Painter tapes were placed at the center of the knee and ankle 
joints of the tested leg and joint angle was calculated for future analysis (Figure 3.2).  
 
Figure 3.2 Screenshot from the video footage of a participant walking in a clinic setting. 
 
Modified Ashworth scale (MAS) was administered first to assess the participants’ spas-
ticity of knee flexors, knee extensors, and ankle plantarflexors of the tested leg. Next, over-
ground walking was performed such that participants walked on barefoot along the walkway at 
their preferred speed. A successful trial was defined when the participant walked across the 
whole walkway without long duration of pause and three successful trials were recorded. Lastly, 
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ground reaction force data were collected when participants stood quietly on a force plate with 
the feet hip-width apart and the hands on their hips. They were instructed to stand as straight and 
still as possible. One 60-second trial was collected under the eyes-open condition. Adequate rest-
ing time was given to participants between trials to minimize muscle fatigue. 
The Galileo Med-L WBV platform was placed on a level ground and participants were 
instructed to stand on the platform with knees flexed by about 30° (Cheng et al., 2015). The ma-
jority of the participants (4/5 in the high-response subgroup and 3/5 in the low-response sub-
group) needed the help of two researchers to maintain their heels on the vibration platform 
throughout the WBV training. The LA condition was presented to the participant first to mini-
mize the potential intolerance of higher WBV in children with CP. The frequency of the WBV 
was set at 20 Hz and the amplitude at 1 mm, resulting in a peak acceleration of 1.6g (g is gravita-
tional acceleration and equals to 9.81m/s2). Participants stood barefoot on the WBV platform for 
90 seconds followed by 90 seconds of rest, and this 90-second WBV plus 90-second rest proce-
dure was repeated for a total of 6 times. All the participants used the handle of the vibration plat-
form to support standing posture but were reminded frequently not to lean onto the handle.  
Immediately after the LA session, the same tests including MAS, overground walking, 
and quiet standing were performed again. At least 15 minutes of rest was given to participants 
before the HA condition to minimize potential residual vibration effects (Cochrane, Stannard, 
Firth, & Rittweger, 2010; Liang, Beerse, Ke, & Wu, 2017; Pollock, Provan, Martin, & Newham, 
2011). The HA vibration session involved 6 sets of 90-second WBV plus 90-second rest, setting 
at the frequency of 20Hz but a higher amplitude of 2 mm, resulting in a peak acceleration of 
3.2g. After the HA vibration, the motor function and muscle activation of the lower legs were 
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tested a third time, resulting in a total of three conditions (Pre: pre-WBV, LA-Post: post-low am-
plitude WBV, and HA-Post: post-high amplitude WBV).  
4. Data analysis and outcome measures 
4.1 Muscle activation during vibration 
The EMG data of LG, TA, VL, and BF were collected during the whole 90-second vibra-
tion exposure in both the LA and HA vibration sessions. It took the vibration platform several 
seconds to reach a consistent status at the beginning and the end, thus the middle 80-second of 
data was used for further analysis. The 80-second data was separated into four 20-second sec-
tions to detect any potential muscle fatigue during the vibration exposure.  
The 20-second EMG data of LG, TA, VL, and BF were initially processed with a 6th-or-
der zero-phase Butterworth bandpass filter of 20-500 Hz and the mean was removed for further 
analysis (De Luca, 1997). The signal was processed with full-wave rectification and the RMS 
value was calculated using a RMS envelope with a window length of 100ms (De Luca, 1997). 
The integrated area within each 20-second section was calculated for each muscle separately. 
Activation ratios of LG/TA and VL/BF were calculated as the ratios of integrated area of LG to 
TA and of VL to BF within each 20-second section, respectively. Each participant was exposed 
to the LA and/or HA vibration for six times each, and average value across six repetitions for 
each 20-second section were calculated for each participant.  
4.2 Joint kinematics during overground walking 
Foot strike was defined as the beginning of each gait cycle using the video data when the 
foot hit the ground. The heel or toe was used to visually determine this gait event depending on 
whether the heel or forefoot hit the ground first. The toe was used to visually identify the toe-off 
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event when the toe was moving upward and forward off the ground. For all the participants, an-
kle and knee angles of the sagittal plane were identified and analyzed. The ankle angle was 
measured between the shank and foot segments and a neutral position was defined as zero degree 
when the shank was perpendicular to the foot. A positive value indicated dorsiflexion and a neg-
ative value indicated plantarflexion. The knee angle was measured between the thigh and shank 
segments and zero degree represented the full extension. A positive value signified knee flexion 
and a negative value signified knee over-extension (Schwartz, Rozumalski, & Trost, 2008). The 
knee and ankle joints of the tested leg were measured using either the Vicon Nexus or Kinovea 
software. The timing and magnitude of ankle and knee joint angles were identified within each 
gait cycle for the maximum knee extension and maximum ankle dorsiflexion during the stance 
phase, maximum knee flexion during the swing phase, and maximum ankle plantarflexion 
around toe-off. Dynamic ROM of the ankle and knee joints were calculated as the difference in 
degrees between the maximum and minimum (Dickin, Faust, Wang, & Frame, 2013).  
4.3 Muscle activation during overground walking 
Maximum acceleration data along the vertical axis of IMU sensor on TA was used to de-
tect the gait event of foot strike for the EMG data during walking (Mitschke, Heß, & Milani, 
2017; Selles, Formanoy, Bussmann, Janssens, & Stam, 2005). There were several trials (10%) in 
which the peak value of the vertical acceleration data was out of scale and a plateau was ob-
served, so the minimum acceleration along the AP direction was used to detect foot strike. We 
used the data from one participant who completed data collection in the biomechanics lab to vali-
date the foot-strike event detection between the ground reaction force collected with force plates 
and acceleration data collected with EMG sensors. The foot strike event detected by the maxi-
mum acceleration on the vertical axis of TA sensor was consistently delayed by 0.02 seconds 
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compared to that detected by force plates; and the events were detected earlier by 0.01 seconds 
when using minimum acceleration on the AP axis of TA sensor. These errors were considered 
acceptable and adjustments in event detection were made before further analysis. The above 
mentioned RMS value of each muscle in each walking trial was then separated into gait cycles 
and further analysis was based on muscle activation pattern within each gait cycle.  
The integrated area within each gait cycle was calculated for each muscle separately. The 
peak value of each muscle was identified and the time-to-peak was presented as percentage of a 
gait cycle. Activation ratios of LG/TA and VL/BF were calculated as the ratios of the integrated 
area of LG to TA and of VL to BF within each cycle, respectively. Five seconds of data during 
quiet standing before any vibration exposure were used to determine the baseline values of mus-
cle activation and the quality of data was manually checked to ensure no sudden changes in mus-
cle activation during this period. The SD of this five-second baseline data was calculated for 
each muscle and the threshold of muscle onset-offset was set as five times of this SD value 
(Debison-Larabie, Murphy, & Holmes, 2018). When the EMG signal continuously exceeded this 
threshold over a 40-ms window, the first data point within the 40-ms window was defined as the 
onset time of the muscle; when the EMG signal was continuously below this threshold over the 
40-ms window, the first data point within the window was defined as the offset time (Debison-
Larabie et al., 2018). The onset and offset timing of each muscle were presented as percentage of 
a gait cycle. 
The peak value, time-to-peak, integrated area of each muscle, LG/TA ratio, VL/BF ratio, 
and the onset-offset timing of each muscle during each gait cycle were obtained. The average 
values of these parameters across gait cycles were calculated for each participant in each condi-
tion. Furthermore, the percentage change of peak value, integrated area, LG/TA ratio, and 
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VL/BF ratio at either LA-Post or HA-Post compared to Pre condition was calculated for each 
participant and then averaged across the participants. 
5. Statistical analysis 
For preliminary analysis, one two-way ANOVA (2 condition x 4 section) was conducted 
on the integrated area of muscle activation during vibration exposure to check for section effect. 
There was not a condition by section interaction or a section main effect, so the data were col-
lapsed across the four 20-second sections for each muscle. Dependent t-tests were conducted on 
muscle activation parameters between the two vibration exposures. Two one-way ANOVAs (3 
condition) with repeated measures were conducted on joint kinematic variables and muscle acti-
vation parameters during overground walking. Post-hoc pairwise comparison with Bonferroni 
adjustments was conducted when appropriate. All significant levels were set at α = 0.05. 
During the data collection, we observed that some participants had a better response to 
WBV intervention by increasing stride length during walking after either single-session vibra-
tion; while other participants did not change stride length. To facilitate our data presentation and 
interpretation, we separated the participants into two subgroups based on the change of stride 
length: if stride length increased by more than one SD of the participant’s baseline value after ei-
ther WBV session, he/she was placed into the high-response subgroup; otherwise, he/she was 
place into the low-response subgroup (Table 3.1). The age, height, and mass were similar be-
tween the two subgroups. 
Data were analyzed again to examine the effect of WBV intervention on the two sub-
groups. One two-way ANOVA (2 subgroup x 2 condition) with repeated measures on condition 
were conducted on muscle activation parameters during vibration exposure, and two two-way 
ANOVAs (2 subgroup x 3 condition) with repeated measures on condition were conducted on 
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joint kinematic variables and muscle activation parameters during overground walking. Post-hoc 
pairwise comparison with Bonferroni adjustments was conducted when appropriate. All signifi-
cant levels were set at α = 0.05. 
Results 
1. Muscle activation during vibration 
The HA vibration exposure elicited greater activation of all the muscles than the LA vi-
bration, and this difference was more substantial in the lower leg muscles (TA and LG) than the 
thigh muscles (VL and BF) for all the participants (Figure 3.3). Results of the t-tests showed that 
there was a difference in the integrated area of LG (F(1,7)=39.94, p<0.001, effect size Cohen’s 
d=0.62), TA (F(1,7)=34.32, p<0.001, ES=1.05), VL (F(1,7)=19.99, p=0.003, effect size Cohen’s 
d=0.51), and BF (F(1,7)=11.05, p=0.013, effect size Cohen’s d=0.63) between the two vibration 
exposures (Figure 3.3).   
 
Figure 3.3 Mean and SD of integrated area of LG, TA, VL, and BF of all the participants during two vi-
bration exposures: LA (low-amplitude WBV) and HA (high-amplitude WBV). A symbol * denotes a dif-
ference between the two vibration conditions. LG: lateral gastrocnemius; TA: tibialis anterior; VL: vastus 
lateralis; BF: bicep femoris. 
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After dividing the participants into two subgroups, the high-response subgroup demon-
strated a trend for a larger TA activation during the HA vibration exposure, while the low-re-
sponse subgroup showed a trend for a larger LG activation (Figure 3.4 (a) & (b)). Statistical anal-
ysis showed that there was a condition main effect on the integrated area of LG (F(1,6)=42.64, 
p<0.001), VL (F(1,6)=20.79, p=0.004), and BF (F(1,6)=11.08, p=0.016) across both subgroups 
(Figure 3.4 (a) & (b)). There was a significant group by condition interaction in the integrated 
area of TA (F(1,6)=17.05, p=0.006). Post-hoc analysis revealed that the HA vibration resulted in 
a larger integrated area than the LA vibration only in the high-response subgroup. No difference 
was found between the two subgroups. There was a group by condition interaction of the LG/TA 
activation ratio (F(1,6)=12.14, p=0.013, in Figure 3.5). Post-hoc analysis showed that this ratio 
was smaller during the HA vibration than the LA vibration only in the high-response subgroup. 
Additionally, the LG/TA ratio was smaller only during the HA vibration in the high-response 
subgroup than the low-respond subgroup. 
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Figure 3.4 Mean and SD of integrated area of LG, TA, VL, and BF in (a) the high-response subgroup and 
(b) the low-response subgroup during two vibration exposures: LA (low-amplitude WBV) and HA (high-
amplitude WBV). A symbol * denotes a difference between the two vibration conditions. LG: lateral gas-
trocnemius; TA: tibialis anterior; VL: vastus lateralis; BF: bicep femoris. 
 
 
Figure 3.5 Mean and SD of muscle activation ratio in two subgroups during two vibration exposures: LA 
(low-amplitude WBV) and HA (high-amplitude WBV). A symbol * denotes a difference between the two 
vibration conditions, and a symbol † denotes a difference between two subgroups in a condition. LG: lat-
eral gastrocnemius; TA: tibialis anterior; VL: vastus lateralis; BF: bicep femoris. 
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2. Joint kinematics during overground walking 
Both vibration interventions had a more obvious effect on the ankle joint than the knee 
joints for all the participants (Table 3.2 & Table 3.3). Statistical analysis showed that there was a 
difference in ROM of the ankle joint (F(2,16)=4.49, p=0.028). Post-hoc analysis revealed that 
the ankle ROM was larger at HA-Post than the Pre condition (effect size Cohen’s d =0.84), but it 
remained the same at LA-Post compared to the baseline. No difference in other joint kinematic 
parameters was found across three conditions.  
Table 3.2 Mean (SD) of the ankle joint kinematic variables of all the participants during over-
ground walking 
Condition Toe-off 
timing 
(% gait 
cycle) 
Max 
dorsi-
flexion 
(deg) 
Max dorsi-
flexion  
timing (% 
gait cycle) 
Max  
plantar- 
flexion 
(deg) 
Max plantar-
flexion  
timing (% 
gait cycle) 
ROM (deg) 
Pre 64.0 (6.5) 3.4 (11.6) 39.4 (16.5) -19.1 (11.9) 52.9 (28.9) 23.6 (8.2) 
LA-Post 62.9 (6.9) 5.7 (11.8) 37.0 (16.8) -19.4 (13.9) 52.1 (29.6) 26.8 (9.4) 
HA-Post 61.8 (7.3) 6.0 (8.0) 36.8 (17.1)* -23.2 (10.5) 48.3 (31.9) 30.6 (8.3)* 
Note that the ankle angle was measured between the shank and foot segments and a neutral position was 
defined as zero degree when the shank was perpendicular to the foot. A positive value indicated dorsiflex-
ion and a negative value indicated plantarflexion. ROM: range-of-motion; LA: low-amplitude interven-
tion; HA: high-amplitude intervention. A symbol * denotes a significant difference compared to the base-
line. A significant level was set at α=0.05. 
Table 3.3 Mean (SD) of the knee joint kinematic variables of all the participants during over-
ground walking.  
Condition Toe-off 
timing (% 
gait cycle) 
Max  
extension 
(deg) 
Max  
extension 
timing (% 
gait cycle) 
Max  
flexion 
(deg) 
Max  
flexion 
timing (% 
gait cycle) 
ROM (deg) 
Pre 64.0 (6.5) 15.8 (11.3) 38.0 (3.9) 61.9 (11.1)  74.7 (3.6) 47.0 (10.3) 
LA-Post 62.9 (6.9) 16.9 (12.5) 38.6 (5.9) 64.1 (10.4)  73.9 (5.7) 46.9 (11.4) 
HA-Post 61.8 (7.3) 17.5 (15.8) 35.7 (5.5) 67.2 (12.7)  73.0 (4.0) 50.9 (9.5) 
Note that the knee angle was measured between the thigh and shank segments and zero degree repre-
sented full extension. A positive value signified knee flexion and a negative value signified knee over-
extension. ROM: range-of-motion; LA: low-amplitude intervention; HA: high-amplitude intervention. No 
significant difference was found across the three conditions at α=0.05.  
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When dividing the participants into two subgroups, the low-response subgroup generally 
exhibited an earlier toe-off timing, a larger maximum flexion of the knee during the swing phase, 
and a bigger ROM of the ankle and knee than the high-response subgroup (Table 3.4). Four par-
ticipants (CP02 and CP08 in the high-response subgroup, and CP07 and CP09 in the low-re-
sponse subgroup) displayed apparent toe-walking patterns at the baseline. They all displayed an 
improvement towards a heel-strike gait pattern after either the LA or HA vibration. There was a 
condition main effect on ankle ROM (F(2,14)=4.27, p=0.036). Post-hoc analysis revealed that 
there was an increase in ankle ROM at HA-Post than Pre condition in both subgroups (Table 
3.4). This increased ankle ROM was generally the combination of an increased dorsiflexion dur-
ing the stance phase and an increased plantarflexion around toe-off. There was a subgroup by 
condition interaction in the timing of maximum dorsiflexion angle (F(2,14)=5.45, p=0.018) such 
that this timing in the high-response subgroup was earlier at HA-Post than Pre condition, signi-
fying that the ankle reached its maximum dorsiflexed position earlier during a gait cycle. There 
was no difference in this timing in the low-response subgroup across three conditions or between 
the two subgroups (Table 3.4). There was a group main effect in maximum flexion angle of the 
knee (F(1,8)=6.31, p=0.036) as the low-response subgroup had a more flexed knee during the 
swing phase than the high-response subgroup across three conditions (Table 3.5). The individual 
data of the ROM of ankle and knee are presented in Appendix Table B3. 
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Table 3.4 Mean (SD) of the ankle joint kinematic variables in each subgroup during overground 
walking 
Subgroup Condition Toe-off 
timing 
(% gait 
cycle) 
Max 
dorsi-
flexion 
(deg) 
Max  
dorsiflexion  
timing (% 
gait cycle) 
Max  
plantar-
flexion 
(deg) 
Max  
plantarflexion 
timing (% gait 
cycle) 
ROM 
(deg) 
High- 
response 
 
Pre 67.5 
(7.1) 
3.8 
(11.6) 
45.8  
(16.1) 
-12.0 
(11.2) 
55.6  
(34.3) 
19.2 
(3.2) 
LA-Post 65.1 
(8.7) 
5.7 
(15.4) 
42.2  
(18.9) 
-12.9 
(13.1) 
54.1  
(34.7) 
22.6 
(5.1) 
HA-Post 64.5 
(7.8) 
6.9 
(11.5) 
40.4  
(17.8)* 
-18.5 
(11.9) 
50.5  
(38.4) 
27.8 
(7.8)* 
Low- 
response 
 
Pre 60.5 
(3.7) 
3.1 
(12.9) 
32.9  
(15.9) 
-26.3 
(8.2) 
50.1  
(26.1) 
28.1 
(9.6) 
LA-Post 60.6 
(4.3) 
5.7 
(8.7) 
31.8  
(14.7) 
-25.9 
(12.4) 
50.2  
(27.6) 
31.0 
(11.4) 
HA-Post 59.1 
(6.5) 
5.0 
(3.7) 
33.3  
(18.3) 
-27.8 
(7.7) 
46.0  
(30.0) 
33.4 
(8.9)* 
Note that the ankle angle was measured between the shank and foot segments and a neutral position was 
defined as zero degree when the shank was perpendicular to the foot. A positive value indicated dorsiflex-
ion and a negative value indicated plantarflexion. ROM: range-of-motion; LA: low-amplitude interven-
tion; HA: high-amplitude intervention. A symbol * denotes a significant difference compared to the base-
line in each subgroup. A significant level was set at α=0.05. 
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Table 3.5 Mean (SD) of the knee joint kinematic variables in each subgroup during overground 
walking.  
Subgroup Condition Toe-off 
timing 
(% gait 
cycle) 
Max  
extension 
(deg) 
Max  
extension 
timing (% 
gait cycle) 
Max  
flexion 
(deg) 
Max  
flexion 
timing (% 
gait cycle) 
ROM 
(deg) 
High- 
response 
 
Pre 67.5 
(7.1) 
12.6 
(13.2) 
38.6  
(3.6) 
54.5 
(8.5) Ɨ 
75.6  
(4.5) 
43.2 
(10.6) 
LA-Post 65.1 
(8.7) 
14.8 
(15.9) 
39.2  
(6.8) 
57.9 
(10.8) Ɨ 
73.6  
(6.2) 
44.6 
(13.2) 
HA-Post 64.5 
(7.8) 
13.3 
(19.9) 
37.2  
(5.1) 
61.0 
(13.0) Ɨ 
74.3  
(5.4) 
49.9 
(12.5) 
Low- 
response 
 
Pre 60.5 
(3.7) 
19.0  
(9.4) 
37.5  
(4.5) 
69.3 
(8.2) 
73.8  
(2.8) 
50.8 
(9.5) 
LA-Post 60.6 
(4.3) 
19.0  
(9.3) 
38.1  
(5.6) 
70.4 
(5.2) 
74.2  
(5.9) 
49.1 
(10.1) 
HA-Post 59.1 
(6.5) 
21.6 
(11.9) 
34.2  
(6.2) 
73.3 
(10.4) 
71.7  
(2.0) 
51.9 
(7.3) 
Note that the knee angle was measured between the thigh and shank segments and zero degree repre-
sented full extension. A positive value signified knee flexion and a negative value signified knee over-
extension. ROM: range-of-motion; LA: low-amplitude intervention; HA: high-amplitude intervention. A 
symbol of Ɨ denotes a significant difference between the two subgroups in a condition. A significant level 
was set at α=0.05. 
 
3. Muscle activation during overground walking 
 All the EMG signals were inspected for artifact noise. The signals of the TA (1 partici-
pant), VL (1 participant), or BF (2 participants) at HA-Post contained too much noise thus 
deemed invalid, and these data were not used. The signals of LG and TA for most participants 
displayed constant activation with unidentifiable phasic bursts, which was common in children 
with CP (Wakeling et al., 2007). The onset-offset timing of VL and BF was determined for the 
majority of the participants (8/10) (Figure 3.6).  
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Figure 3.6 RMS of EMG signals of LG, TA, VL, and BF during a walking trial (a) before intervention 
and (b) after high-amplitude WBV intervention from a representative participant in the low-response sub-
group. The EMG signal was filtered and rectified before the calculation of RMS value. The dotted line 
represented the foot strikes and six full gait cycles were presented in each graph. Note that the value of 
LG and TA signals remained high throughout gait cycles and the offset timing cannot be detected for both 
conditions. Also note that the scale for BF in (b) is different than the others. LG: lateral gastrocnemius; 
TA: tibialis anterior; VL: vastus lateralis; BF: bicep femoris. 
 
(a) 
(b) 
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When looking at the data of all the participants, the integrated area of the LG and TA 
seemed to decrease after both the LA and HA vibration sessions, with TA showing a larger de-
crease (Table 3.6 (a) & (b)). Consequently, the LG/TA ratio increased after both vibration ses-
sions (Table 3.7). Statistical analysis found a difference in integrated area of TA across three 
conditions (F(2,15)=6.77, p=0.008, in Table 3.6 (b)). Post-hoc analysis revealed that this area 
was smaller at both LA-Post and HA-Post than Pre condition (ES=0.34 and 0.47 respectively). 
There was a difference in time-to-peak of LG across three conditions (F(2,15)=5.22, p=0.018, in 
Table 3.6 (a)). Post-hoc analysis revealed that the time-to-peak was earlier at HA-Post than both 
Pre and LA-Post conditions (ES=0.47 and 0.49 respectively). No difference was found in the 
other muscle activation parameters across three conditions (Table 3.6 (a)-(d)). 
 
Table 3.6 Mean (SD) of the leg muscle activation parameters of all the participants during over-
ground walking 
(a) Mean (SD) of the LG activation parameters 
Condition Peak (µV) Time-to-peak 
(% gait cycle) 
Integrated area 
(µV·s) 
Pre 102.1 (63.3) 38.2 (15.2) 52.5 (28.9) 
LA-Post 104.2 (55.7) 37.6 (11.6) ** 49.8 (23.8) 
HA-Post 91.3 (45.8) 31.3 (14.1) * 49.5 (25.5) 
(b) Mean (SD) of the TA activation parameters  
Condition Peak (µV) Time-to-peak  
(% of gait cycle) 
Integrated area 
(µV·s) 
Pre 103.1 (48.3) 57.9 (23.8) 64.6 (26.6) 
LA-Post 103.5 (51.2) 50.3 (21.5) 55.9 (24.1) 
HA-Post 87.7 (22.7) 52.2 (22.7) 53.8 (17.9) * 
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(c) Mean (SD) of the VL activation parameters 
Condition Peak (µV) Time-to-peak  
(% of gait 
cycle) 
Integrated 
area (µV·s) 
Offset timing  
(% of gait 
cycle) 
Onset timing  
(% of gait 
cycle) 
Pre 62.0 (44.3) 2.8 (4.3) 35.6 (24.1) 22.4 (9.9) 86.0 (8.7) 
LA-Post 70.7 (49.4) 4.2 (5.3) 34.8 (24.7) 17.4 (6.7) 85.1 (9.0) 
HA-Post 73.7 (35.1) 5.8 (6.0) 40.0 (21.3) 18.1 (9.2) 87.4 (7.4) 
 (d) Mean (SD) of the BF activation parameters 
Condition Peak (µV) Time-to-peak  
(% of gait 
cycle) 
Integrated 
area (µV·s) 
Offset timing  
(% of gait 
cycle) 
Onset timing  
(% of gait 
cycle) 
Pre 50.9 (28.5) 8.3 (20.7) 27.0 (11.4) 23.0 (6.7)  79.6 (9.6) 
LA-Post 55.7 (35.5) 1.7 (13.4) 26.0 (11.4) 25.1 (8.3) 79.2 (10.5) 
HA-Post 31.2 (8.0) 2.1 (6.2) 19.8 (3.9) 27.2 (13.1) 79.3 (7.6) 
LA: low amplitude vibration; HA: high amplitude vibration; LG: lateral gastrocnemius; TA: tibialis ante-
rior; VL: vastus lateralis; BF: bicep femoris. A symbol * denotes a significant difference compared to the 
baseline. A symbol of ** denotes a significant difference between the LA and HA conditions. A signifi-
cant level was set at α=0.05. 
 
Table 3.7 Mean (SD) of the muscle activation ratios during overground walking. 
Condition LG/TA ratio VL/BF ratio 
Pre 0.89 (0.39) 1.39 (0.79) 
LA-Post 1.03 (0.52) 1.42 (0.71) 
HA-Post 1.00 (0.44) 2.18 (1.21) 
LA: low amplitude vibration; HA: high amplitude vibration; LG: lateral gastrocnemius; TA: tibialis ante-
rior; VL: vastus lateralis; BF: bicep femoris. No significant difference was found across the three condi-
tions at α=0.05. 
 
After dividing the participants into two subgroups, the two subgroups showed different 
trends of the integrated areas of the leg muscles. The high-response subgroup decreased the inte-
grated area of TA but increased the integrated area of VL after either the LA or HA vibration. 
The low-response subgroup displayed decreased the integrated area of all four muscles after ei-
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ther vibration (Table 3.8 (a)-(d)). Statistical analysis showed that there was a condition main ef-
fect in the integrated area of TA (F(2,13)=6.09, p=0.014). Post-hoc analysis revealed that this in-
tegrated area was smaller at HA-Post compared to the Pre condition in both subgroups (Table 3.8 
(b)). The individual data of the integrated area of the leg muscles during overground walking are 
presented in Appendix Table B4. 
 
Table 3.8 Mean (SD) of the leg muscle activation parameters in each subgroup during over-
ground walking. 
(a) Mean (SD) of the LG activation parameters 
Subgroup Condition Peak (µV) Time-to-peak 
(% gait cycle) 
Integrated area 
(µV·s) 
High-response 
 
Pre 61.2 (24.8) 45.0 (8.3) 34.9 (6.1) 
LA-Post 76.8 (34.2) 40.8 (8.7) ** 37.2 (10.8) 
HA-Post 70.0 (30.8) 33.9 (5.5) * 35.0 (7.8) 
Low-response 
 
Pre 142.9 (65.1) 31.4 (18.3) 70.1 (32.8) 
LA-Post 131.7 (62.6) 34.4 (14.2) ** 62.4 (27.7) 
HA-Post 112.7 (52.3) 28.6 (20.4) * 64.1 (29.8) 
 (b) Mean (SD) of the TA activation parameters 
Subgroup Condition Peak (µV) Time-to-peak  
(% of gait cycle) 
Integrated area 
(µV·s) 
High-response Pre 104.4 (63.3) 60.6 (19.1) 60.5 (28.6) 
LA-Post 113.7 (65.7) 51.1 (22.3) 51.8 (28.8) 
HA-Post 87.9 (38.3) 53.7 (9.3) 42.7 (21.7) * 
Low-response 
 
Pre 101.8 (35.3) 55.1 (30.6) 68.7 (27.0) 
LA-Post 93.2 (36.4) 49.4 (23.2) 60.0 (20.7) 
HA-Post 87.6 (7.1) 51.2 (31.2) 62.2 (10.6) * 
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(c) Mean (SD) of the VL activation parameters in each subgroup during overground walking. 
Subgroup Condition Peak (µV) Time-to-
peak  
(% of gait 
cycle) 
Integrated 
area (µV·s) 
Offset timing  
(% of gait 
cycle) 
Onset timing  
(% of gait 
cycle) 
High- 
response 
 
Pre 48.0 (29.3) 0.7 (2.71) 26.2 (13.5) 14.9 (1.5) 88.2 (5.9) 
LA-Post 71.9 (45.4) 3.2 (3.0) 31.4 (21.0) 18.2 (6.6) 86.2 (7.5) 
HA-Post 92.9 (31.1) 4.5 (4.6) 40.5 (22.9) 18.3 (2.3) 89.5 (5.6) 
Low- 
response 
 
Pre 76.0 (55.4) 5.4 (4.9) 45.0 (30.0) 31.8 (6.8) Ɨ 83.3 (11.8) 
LA-Post 69.6 (58.6) 5.5 (7.7) 38.2 (30.0) 16.4 (7.7) * 83.7 (11.7) 
HA-Post 59.4 (34.4) 6.9 (7.4) 39.7 (23.6) 17.9 (14.3) * 85.4 (9.6) 
 (d) Mean (SD) of the BF activation parameters in each subgroup during overground walking. 
Subgroup Condition Peak (µV) Time-to-
peak  
(% of gait 
cycle) 
Integrated 
area (µV·s) 
Offset  
timing  
(% of gait 
cycle) 
Onset  
timing  
(% of gait 
cycle) 
High- 
response 
 
Pre 41.8 (17.8) 10.4 (28.9) 22.2 (8.7) 19.5 (7.1)  80.9 (7.5) 
LA-Post 51.8 (31.7) 2.0 (16.3) 23.2 (11.2) 21.3 (6.7) 77.2 (13.5) 
HA-Post 25.0 (7.0)1 2.0 (4.5) 16.3 (1.2)1 17.5 (12.0) 83.1 (3.9) 
Low- 
response 
 
Pre 60.0 (36.1) 6.1 (11.0) 31.9 (12.5) 27.7 (1.6) Ɨ 77.8 (13.4) 
LA-Post 59.6 (42.3) 1.3 (11.8) 28.7 (12.2) 28.9 (8.8) Ɨ 81.2 (8.0) 
HA-Post 34.3 (7.3) 2.2 (8.0) 21.5 (3.6) 32.1 (11.9) Ɨ 77.4 (8.7) 
1. Data from only 2 participants in the high-response subgroup were available at HA-Post, but they each showed an 
increased peak and integrated area compared the baseline respectively.  
LA: low amplitude vibration; HA: high amplitude vibration; LG: lateral gastrocnemius; TA: tibialis ante-
rior; VL: vastus lateralis; BF: bicep femoris. A symbol * denotes a significant difference compared to the 
baseline in a subgroup. A symbol of ** denotes a significant difference between the LA and HA condi-
tions in a subgroup. A symbol of Ɨ denotes significant difference between the two subgroups in a condi-
tion. A significant level was set at α=0.05. 
 
In term of the timing of muscle activation, the low-response subgroup displayed a peak 
value of LG about in the middle of the stance phase to initiate the plantarflexion of the ankle, 
which was similar as that observed in a normal gait pattern (Schwartz et al., 2008; Whittle, 
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2012). However, the high-response subgroup showed a delayed time-to-peak value at baseline 
but an earlier timing after either the LA or HA vibration intervention. Statistical analysis showed 
that there was a condition main effect in time-to-peak value of LG (F(2,14)=6.30, p=0.011). 
Post-hoc analysis revealed that LG reached its peak earlier at HA-Post than LA-Post or Pre con-
dition for both subgroups (Table 3.8 (a)). The timing of the TA peak value occurred before toe-
off for both subgroups, which was earlier than children with TD (Schwartz et al., 2008). In a nor-
mal gait pattern, the TA was more activated around foot strike to help control the foot and allow 
for a heel strike pattern (Schwartz et al., 2008; Whittle, 2012); however, this peak was not obvi-
ous in our participants. No significant result was found for the timing of TA. Similar to a normal 
gait pattern, VL and BF reached the peak value just around foot strike for both subgroups across 
three conditions (Figure 3.6), which were also in agreement of their functions to ensure an up-
right posture as a knee extensor and hip extensor separately (Schwartz et al., 2008; Whittle, 
2012). There was a group by condition interaction in the offset timing of VL (F(2,11)=6.17, 
p=0.016). Post-hoc analysis showed that the offset timing of VL of the low-response subgroup 
was more delayed at baseline than at either LA-Post or HA-Post condition, and was more delayed 
than that of the high-response subgroup at the baseline. This timing was similar across three con-
ditions for the high-response subgroup (Table 3.8 (c)). There was a group main effect of the off-
set timing of the BF (F(1,7)=9.15, p=0.019) such that the offset timing of BF was earlier for the 
high-response subgroup than the low-response subgroup (Table 3.8 (d)).  
Two subgroups showed different trend in the percentage change of muscle activation af-
ter each vibration session (Table 3.9). The high-response subgroup generally increased peak and 
integrated area of LG, VL, and BF after either LA or HA intervention; while the low-response 
subgroup majorly decreased the values of all the EMG variables. Further, there was an increase 
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of LG/TA ratio and VL/BF ratio in the high-response subgroup but the values remained similar 
in the low-response subgroup (Table 3.10). 
Table 3.9 Mean (SD) of the percentage of change in the muscle activation parameters in each 
subgroup during overground walking. 
Subgroup Muscle Peak (%) Integrated area (%) 
LA-Post vs Pre HA-Post vs Pre LA-Post vs Pre HA-Post vs Pre 
High- 
response 
 
 
LG +29.1 (55.6) +36.7 (38.8) +6.9 (25.6) +13.9 (30.1) 
TA +11.0 (46.6) -6.5 (33.3) -18.1 (15.8) -6.6 (45.4) 
VL +100.9 (163.7) +135.2 (221.7) +33.5 (63.1) +64.7 (94.4) 
BF +14.9 (30.8) +11.4 (48.5) +1.9 (10.3) +13.5 (9.7) 
Low- 
response 
 
LG -7.7 (11.6) -12.6 (13.8) -8.8 (13.7) -14.8 (9.7) 
TA -7.9 (12.0) -21.7 (11.4) -11.2 (9.6) -18.4 (9.5) 
VL -8.2 (20.1) -26.0 (18.0) -14.3 (18.8) -23.4 (19.6) 
BF -4.7 (15.7) -19.3 (22.8) -9.8 (12.3) -17.6 (16.2) 
Note that the percentage change was calculated based on the Pre condition of each muscle respectively. A 
positive number signified an increase of peak/integrated area compared to the baseline and a negative 
number signified a decrease of the value. LA: low amplitude vibration; HA: high amplitude vibration; 
LG: lateral gastrocnemius; TA: tibialis anterior; VL: vastus lateralis; BF: bicep femoris.  
 
Table 3.10 Mean (SD) of the muscle activation ratios during overground walking. 
Subgroup Condition LG/TA ratio LG/TA ratio  
percentage of 
change from Pre 
VL/BF ratio VL/BF ratio  
percentage of 
change from Pre 
High- 
response 
 
Pre 0.72 (0.36)  1.23 (0.64)  
LA-Post 0.98 (0.64) +30.6 (40.0) 1.40 (0.50) +33.3 (52.5) 
HA-Post 0.99 (0.59) +43.4 (65.4) 2.93 (1.57) +67.9 (95.4) 
Low- 
response 
 
Pre 1.05 (0.37)  1.55 (0.97)  
LA-Post 1.08 (0.44) +2.5 (7.6) 1.45 (0.94) -3.9 (14.7) 
HA-Post 1.01 (0.39) +5.1 (1.7) 1.81 (1.03) -5.8 (21.6) 
LA: low amplitude vibration; HA: high amplitude vibration; LG: lateral gastrocnemius; TA: tibialis ante-
rior; VL: vastus lateralis; BF: bicep femoris. No significant difference was found across the three condi-
tions or between the two subgroups at α=0.05. 
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Discussion 
Overall, our results showed that the HA vibration stimulate higher muscle activation than 
the LA vibration in children with CP. Compared to the baseline, both subgroups increased the 
ankle ROM, decreased the integrated area of TA, and showed an earlier time-to-peak of LG at 
HA-Post, but not at LA-Post, during the overground walking. These changes were to a greater ex-
tent in the high-response subgroup than the low-response subgroup. This suggests that a single-
session of high-amplitude WBV might elicit greater improvement in the neuromuscular control 
of the lower leg muscles after vibration exposure. 
1. Subgroup comparison 
Our categorization of two subgroups was in agreement with previous observation such 
that stride length is sensitive to WBV intervention in children with spastic CP (Ko, Sim, Kim, & 
Jeon, 2016; Lee & Chon, 2013). After either the LA or HA vibration session, the high-response 
subgroup had a larger increase in maximum ankle and knee flexion and extension angles than the 
low-response subgroup, resulting in a larger increase of ankle ROM. Additionally, after each vi-
bration session, the high-response subgroup generally showed an increase in peak value and/or 
integrated area for LG and VL; while the low-response subgroup consistently displayed a similar 
or slightly decreased muscle activation. These results suggested that vibration exposures resulted 
in a bigger improvement of gait patterns and stimulated larger muscle activation in the high-re-
sponse subgroup than the low-response subgroup. 
Additionally, at the baseline level, the low-response subgroup displayed a better gait pat-
tern than the high-response subgroup such that they had an earlier toe-off timing, a larger ankle 
and knee ROM, a larger peak and integrated area of the EMG signals, and a longer time of BF 
contraction. Moreover, the toe-off timing of the low-response subgroup at Pre condition (60.5% 
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of a gait cycle) were comparable to children with TD (59% of a gait cycle) (Schwartz et al., 
2008). The low-response subgroup might already have a better gait pattern and better recruitment 
of the lower leg muscles at baseline compared to the high-response group, so the same magni-
tude of single-session WBV intervention might not be as effective for the low-response subgroup 
as for the high-response subgroup. 
2. Muscle activation during vibration exposure 
In agreement with our hypothesis and also in agreement with previous studies on young 
adults (Hazell et al., 2007; Pollock et al., 2010), children with CP in this study displayed larger 
activation of all four leg muscles tested during the HA vibration compared to the LA vibration. 
Additionally, similar to young adults in Pollock et al. study (Pollock et al., 2010), children with 
CP demonstrated a similar pattern such that higher muscle activation was observed in the lower 
leg muscles (LG and TA) than the thigh muscles (VL and BF) during vibration exposure. This 
may be due to the damping of the vibration below the knee (Pollock et al., 2010).  
When the participants stood on the vibration platform, the majority of the participants of 
both subgroups required assistance from the researcher to hold their heels down onto the surface. 
This forced posture was maintained throughout the vibration session. Previous study analyzing 
the leg muscle activation during quiet standing in children with TD and with CP has reported that 
the LG/TA ratio was a little over 1 for both groups. An extremely forward/backward leaning po-
sition can cause an increase in EMG activity of a specific muscle and it is direction sensitive: 
forward leaning only increases the activity of gastrocnemius and backward leaning increases the 
activity of TA for both groups (Tomita, Fujiwara, & Fukaya, 2010). In our study, the forced po-
sition during standing on vibration platform might create somewhat backward leaning in children 
with CP, which might have caused them to increase the activation of TA and decrease the 
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LG/TA ratio to help maintain a standing posture. The HA vibration increased the muscle activa-
tion of TA and LG in both subgroups; however, during the HA vibration, the high-response sub-
group might experience more instability with the combination of vibration and the forced “back-
ward leaning”, and consequently increase the TA activation to a greater extent. Therefore, we 
observed a decrease of the LG/TA activation ratio in the high-response subgroup but not in the 
low-response subgroup. The forced posture during vibration exposure might also assist in the 
stretching of the calf muscles and contribute to the improvement of gait patterns after WBV in-
tervention in both subgroups, particularly in the high-response subgroup. Similar to the previous 
study analyzing muscle activation during quiet standing of children with CP (Tomita et al., 
2010), our results also displayed VL/BF ratios greater than 1 while standing on the vibration 
platform in both subgroups, suggesting that VL was more active than BF to help the children 
with CP to maintain a standing posture during vibration.  
3. Joint kinematics and muscle activation during overground walking 
Our results showed an increased ankle ROM at HA-Post than the Pre condition for chil-
dren with CP, which supported our hypothesis and also was in agreement with previous studies 
(Cheng et al., 2015; Dickin et al., 2013). However, the LA vibration session did not produce such 
a change, which might be due to the insufficient magnitude of vibration exposure. In this study, 
the LA vibration session was presented  at 20Hz and with 1mm of WBV and repeated for 6 sets 
of 90 seconds, which had a lower amplitude and shorter duration than Cheng et al.’s study 
(20Hz, 2mm, and for 20 minutes). The reason for this increased ROM of ankle after HA vibra-
tion was different for the two subgroups.  
For the high-response subgroup, the increased ROM of ankle was the combination of a 
greater maximum ankle dorsiflexion during mid-stance (4° at Pre to 7° at HA-Post condition) 
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and a greater maximum ankle plantarflexion around toe-off (-12° at Pre to -19° at HA-Post con-
dition). Moreover, these values at HA-Post were closer to those in children with TD (a maximum 
dorsiflexion angle of 11° and a maximum plantarflexion angle of -20°) (Schwartz et al., 2008), 
suggesting noticeable improvements after the HA vibration in this subgroup. The low-response 
subgroup seemed to display an over-plantarflexed ankle around toe-off (maximum plantarflexion 
angle of -26° to -28°) across three conditions; however, the individual data showed a decrease of 
the over-plantarflexed ankle for some participants (CP06, CP07, and CP09) after HA vibration 
exposure, and the increased ankle ROM was primarily due to the greater maximum ankle dorsi-
flexion during mid stance in this subgroup. Furthermore, the high-response subgroup showed a 
trend of an earlier toe-off after the HA vibration (67.5% in Pre to 64.5% in HA-Post) with a 
value closer to their TD peers (59%) (Schwartz et al., 2008). The significant earlier timing of the 
maximum dorsiflexion angle in the high-response subgroup at HA-Post condition might contrib-
ute to this change in toe-off timing.  
Contrary to our hypothesis, the results showed a decreased integrated area of TA and a 
similar integrated area of LG within each gait cycle after either the LA or HA vibration for both 
subgroups. WBV has been reported to improve muscle strength and power in people with neuro-
logical disorder (Rittweger, 2010) and increase leg muscle activity during maximal voluntary 
contraction in children with CP (Krause et al., 2017). However, WBV could cause a reduction in 
soleus and TA activation during submaximal isometric dorsiflexion via reciprocal inhibition in 
young adults (Ritzmann et al., 2018) and a delay in the stretch reflex activation of the soleus 
muscle in children with CP (Krause et al., 2017). The similar integrated area of LG shown in this 
study might be due to the reduction of the activation of the muscle throughout gait cycles, sug-
gesting a reduction of the spasticity of the lower leg muscles via decreased hyperactive stretch 
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reflex responses. Compared to children with TD, children with CP often increase activation of 
TA during the swing phase to compensate for the spastic plantarflexor muscles (Fox, Carty, 
Modenese, Barber, & Lichtwark, 2018). Our results displayed a decreased integrated area of TA 
over a gait cycle after WBV intervention, which might suggest a reduction of spasticity of the 
plantarflexors and thus less activation of the TA was required to maintain the ankle position 
throughout the gait cycle. 
There was a significant earlier time-to-peak of LG after the HA vibration for both sub-
groups. This suggests that both subgroups advanced the contraction of LG to initiate heel rise 
earlier and subsequently result in an earlier push off. The greater advance of time-to-peak of LG 
was observed in the high-response subgroup, which may explain the trend of an earlier toe-off 
timing and an increase of maximum ankle plantarflexion around toe-off in this subgroup. Moreo-
ver, the results of ankle joint kinematics suggest a trend towards improved control of the lower 
leg muscles for both subgroups. There were four participants (two in each subgroup) with appar-
ent toe-walking patterns at Pre condition. We noticed a substantial improvement towards a heel-
strike gait pattern after either the LA or HA vibration exposure in each of these four participants. 
Furthermore, most participants in the high-response subgroup displayed an increase in max 
plantarflexion of the ankle during the swing phase. These observations imply an increase in TA 
activity around foot strike and a more powerful contraction of LG around toe-off, which sug-
gested a better control of the TA and LG activation patterns. Thus, we argued that the reduction 
of muscle spasticity and the reduction of overall noise caused by the continuous contraction of 
the muscles might mask the increased activation of TA around foot strike and LG around toe-off, 
resulting in a reduced or similar integrated area within a gait cycle after vibration intervention.  
102 
 
 
 
Contrary to our hypothesis, our results did not reveal any significant change in thigh mus-
cle activation after WBV intervention, which might be caused by the lower vibration transmitter 
to the thigh muscles (Pollock et al., 2010). A WBV platform generates a mechanical oscillation 
motion and the transmission of vibration to the body decreases with the increase of distance from 
the platform (Kiiski, Heinonen, Jarvinen, Kannus, & Sievanen, 2008). Furthermore, the dampen-
ing and absorption of energy occurs primarily below the knee, thus the thigh muscles may not be 
as active as the lower leg muscles during the vibration  (Pollock et al., 2010), resulting in little 
change in muscle activity during overground walking.  
Children with CP is a heterogeneous group and the sample size in this pilot study was 
small, which might cause the lack of statistical significance in muscle activation parameters dur-
ing walking. Participants reacted to the vibration exposure differently because of the distinctive 
deficits in their gait patterns at baseline. Three out of five participants (CP01, CP04, and CP08) 
in the high-response subgroup displayed an apparent increase of VL muscle activation and a 
more delayed offset of VL muscle after either the LA or HA vibration session, which have as-
sisted them to maintain an upright posture early in the stance phase. Two other participants in 
this subgroup showed a slight increase of VL muscle activation but a larger increase of BF mus-
cle activation after either vibration exposure. This might have assisted the flexion of the knee 
during the swing phase for one participant (CP03) and the extension of hip for the other partici-
pant (CP02). Participants of the low-response subgroup displayed a similar decrease of activation 
of VL and BF after either the LA or HA vibration. Two participants (CP06 and CP07) in this 
subgroup showed a decrease of muscle activation of VL after vibration but a more flexed knee 
during the swing phase, which might indicate a reduction of spasticity of the VL muscle and im-
ply that they responded to WBV to some extent.  
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4. Limitations 
One limitation of the study was that the two vibration conditions were not randomized 
due to the safety concerns of the participants. The side-alternating WBV was a new intervention 
for all the participants and the higher amplitude might be intolerable. All our subjects with CP 
demonstrated some improvements in gait patterns after one single-session of WBV, which war-
ranted future studies to examine the effect of a long-term WBV intervention on gait patterns in 
this population. Another limitation was that only the less affected side was tested for participants 
with diplegic CP. We selected the less affected leg because that these participants might bear 
more weight on this leg especially during standing on the vibration platform and thus might 
show better response to the intervention. Additionally, we did not observe any obvious differ-
ence between the two legs during standing on the vibration platform or during walking over-
ground. But future study could examine both legs for diplegic CP and evaluate whether the two 
sides respond to WBV intervention differently. 
The third limitation was that only the 2D projection angles of the ankle and knee on the 
sagittal plane were analyzed. In-toeing is a common abnormal gait pattern among children with 
CP (Rethlefsen, Blumstein, Kay, Dorey, & Wren, 2017) and the presentation of in-toeing would 
make it inaccurate to use the 2D angle to represent the joint angle. However, only two partici-
pants in this study (one participant in each subgroup) had a mild in-toeing during walking. We 
deem that the motion of the joints for most participants occurred primarily in the sagittal plane. 
Furthermore, the video footage of the overground walking and the EMG data were not synchro-
nized in this study, making it difficult to separate a gait cycle into different phases in the EMG 
signals for analysis. The combination of a decrease in TA integrated area over a gait cycle, a 
similar total intensity of LG, and better ankle joint kinematics suggests a better control of muscle 
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activation after WBV intervention, particularly for the HA condition. Future study should exam-
ine muscle activation in each separate phases over a gait cycle after WBV intervention to vali-
date this presumption. 
Conclusions 
WBV exposure elicited larger muscle activations for the lower leg muscles than the thigh 
muscles, and a higher amplitude of WBV stimulated larger activation than a lower amplitude in 
both subgroups of children with CP. The results of this pilot study showed a similar or decreased 
activity of the leg muscles over a gait cycle after the higher amplitude of WBV intervention in 
both subgroups. Additionally, an increased ROM of ankle and better joint kinematics was ob-
served during walking, especially in the high-response subgroup. All of these suggest that a sin-
gle-session of WBV intervention could assist the control of the leg muscles during walking for 
some children with CP and an intervention with a higher amplitude may elicit better joint kine-
matics and muscle activation patterns.  
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APPENDIXES  
Appendix A Consent forms used in this study 
Appendix A.1 Parent permission form 
Georgia State University 
Department of Kinesiology and Health 
Parental Permission Form 
 
Title: Effects of whole-body vibration on children with cerebral palsy 
Principal Investigator: Jianhua (Jerry) Wu, Ph.D. 
Student Principal Investigator: Huaqing (Virginia) Liang 
Sponsor: College of Education and Human Development, Georgia State University 
 
I. Purpose: 
Your child is invited to participate in a research study. The purpose of the study is to investigate 
the effects of whole-body vibration on children with cerebral palsy. We will use whole-body vi-
bration with different intensities. We will examine the motor function and muscle activity of 
your child. Your child is invited to participate because he or she is diagnosed with cerebral palsy 
and is between 6 and 17 years of age. He/she is also able to walk with or without assistive de-
vices and can stand for 3 minutes with or without holding a handrail. We will recruit a total of 15 
participants for this study.  Participation will require two lab visits. It will take about 2 hours of 
your and your child’s time at each visit. If it is inconvenient for you and your child to come to 
the lab, we will carry the equipment and visit you and your child at your place. If your child is a 
patient of Tender Ones Therapy Services or All About Kids Therapy Services, we can also com-
plete the data collection at the clinic. 
 
II. Procedures:  
Your child will wear a pair of compression shorts or bathing suit for data collection. We will use 
a scale with height rod to measure your child’s height and weight. We will use a tape measure to 
record your child’s leg length and width on both sides. If you and your child come to the lab, we 
will attach 16 shining stickers on both legs of your child to observe his/her motion. We will use 
high-speed cameras to record these shining stickers. If we visit you at your place, we will not use 
these shining stickers. Instead, we will use a camera to videotape only the movements of your 
child’s lower legs. We will also attach 4 small blocks to the front and back of your child’s right 
leg to measure muscle activity. 
 
At the first visit, we will study the effects of single-session whole-body vibration on motor func-
tion. Your child will perform four baseline tests. In the first test, we will assess your child’s leg 
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muscles. Your child will lie down and relax on a test table. We will flex and extend your child’s 
knee and ankle on both sides. In the second test, your child will walk across the 10-meter walk-
way three times. Your child will wear his/her normal walking shoes with orthotics if necessary. 
In the third test, you child will stand upright for 60 seconds with hands on the hips twice. Your 
child will keep his/her eyes open for one trial and close his/her eyes for the other trial. In the 
fourth test, your child will sit at a test table. We will raise his/her lower leg and let it drop and 
dangle three times. We will repeat these four tests immediately after each block of whole-body 
vibration session. Your child will take 10-minute rest after all these tests and before the vibration 
session. 
 
We will provide two whole-body vibration sessions. The frequency of the vibration will be 20 
Hz for both sessions. The amplitude of the vibration will be either 1 or 2mm for each session. In 
each session, your child will stand barefoot on the vibration platform for three minutes. Then, 
your child will sit down and rest for three minutes. We will repeat this procedure for three times. 
During the vibration, we will place an iPad in front of your child. Your child will watch cartoon 
movies on the iPad. Your child can hold the handrail on the vibration platform if necessary. We 
will have a research assistant standing by your child during vibration sessions in case of losing 
balance. The total time of vibration from both sessions will be 18 minutes.  
 
At the second visit, we will study the effects of different intensities of whole-body vibration on 
muscle activity. Your child will walk across the 10-meter walkway three times. Then, your child 
will stand barefoot on the same vibration platform. He/she will be standing for 1 minute at each 
time. We will provide eight different vibration intensities. We will use four vibration frequen-
cies: 15, 20, 25, and 30 Hz. We will use two vibration amplitudes: 1 and 2 mm. After vibration 
exposure, your child will walk across the walkway for three times. Your child will sit down and 
rest for at least five minutes between two vibration sessions. The total time of vibration will be 8 
minutes.  
 
III. Risks:  
Risks associated with performing the tests described above will be no more than what your child 
would be faced with in normal daily life. Your child will have low risks from standing on a vi-
bration platform. There is the possibility that your child might feel nausea, lightheaded or dizzi-
ness, and itching in lower legs. Your child may have minor skin lesions on contact surface, or 
lose his/her balance. However, these side effects are usually harmless and disappear quickly. We 
will carefully check your child throughout the study. If your child feel any discomfort, we will 
take breaks or stop data collection. A research assistant will stand by your child in case he/she 
loses balance. The total time of vibration at each visit will be less than 18 minutes, below the 
generally recommended daily limit of 30 minutes. There will be no social or psychological risks 
associated with this study. 
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IV. Benefits:  
Participation in this study may be helpful to your child personally in his/her walking ability. This 
positive effect might last less than one hour or longer. However, this benefit is not guaranteed. 
Overall, we hope to gain information about the effects of whole-body vibration on motor func-
tion and muscle activity of children with cerebral palsy. We also hope to learn the effectiveness 
of different intensities of whole-body vibration. We hope to use this knowledge to design a long-
term intervention for these children in the future. 
 
V. Compensation:  
If you and your child participate at your home or the Tender Ones clinic or the All About Kids 
clinic, you will not receive any compensation. If you and your child come to the GSU Biome-
chanics lab, you will receive $50 of compensation for transportation at each lab visit. You will 
receive the full amount even if your child does not complete all the tests. You will also receive 
free campus parking. 
 
VI. Voluntary Participation and Withdrawal:  
Participation in research is voluntary.  Your child does not have to be in this study.  If your child 
decides to be in the study and changes his/her mind, he/she has the right to drop out at any time.  
Your child is free to slow the pace, take rest, or withdraw from this study at any time.  Whatever 
your child decides, you or your child will not lose any benefits to which you or your child is oth-
erwise entitled.  
 
VII. Confidentiality:  
We will keep your child’s records private to the extent allowed by law.  Only the principal inves-
tigator and his research assistants will have access to the information you provide. Information 
may also be shared with those who make sure the study is done correctly (GSU Institutional Re-
view Board, the Office for Human Research Protection (OHRP)).   We will use a study number 
(i.e. CP01) rather than your child’s name on study records. We will save your child’s information 
on a password-protected computer in a locked office. If you and your child come to the lab, we 
will not record your child’s images. We will only use computer-generated stick figures to ana-
lyze his/her movement. If we go to your place for data collection, we will only record the image 
of your child’s lower legs and store it on a password-protected computer in a locked office. Your 
child’s name and other facts that might point to your child will not appear when we present this 
study or publish its results. The findings will be summarized and reported in group form. Your 
child will not be identified personally.  
 
VIII. Contact Persons:  
Contact Dr. Jerry Wu at 404-413-8476 or jwu11@gsu.edu if you have questions, concerns, or 
complaints about this study. You can also call if you think your child has been harmed by the 
study. Call Susan Vogtner in the Georgia State University Office of Research Integrity at 404-
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413-3513 or svogtner1@gsu.edu if you want to talk to someone who is not part of the study 
team. You can talk about questions, concerns, offer input, obtain information, or suggestions 
about the study. You can also call Susan Vogtner if you have questions or concerns about your 
rights in this study.  
 
IX. Copy of Consent Form to Participant:  
We will give you a copy of this consent form to keep. If you are willing for your child to volun-
teer for this research and be video recorded, please sign below.  
Please indicate if the principal investigator has permission to contact you for future studies. Y/N 
 
Minor Subject of Research  
 
 
_______________________________  
Printed Name  
 
 
Parent or Legal Guardian  
 
 
____________________________        __________________________       _______________  
Printed Name     Signature     Date  
 
 
Principal Investigator or Researcher Obtaining Consent 
 
 
____________________________        __________________________       _______________  
Printed Name     Signature     Date 
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Appendix A.2 Child assent form for participants between 6-10 years old 
Georgia State University 
Department of Kinesiology and Health 
Title: Effects of whole-body vibration on children with cerebral palsy  
Principal Investigator: Jianhua (Jerry) Wu, Ph.D.  
Student Principal Investigator: Huaqing (Virginia) Liang  
Child Assent Script (for children aged 6-10 years old) 
The following assent script is delivered to the participant. 
First visit 
We will play some fun games with you. First, we will measure your height and weight to see 
how big and tall you are. Then you will lie down on the table and relax, and let me bend your 
knees and ankles. Next we will attach some shiny balls to you (This sentence will not be deliv-
ered to the child if we visit the participant at his/her place). We will use special machines to see 
how you walk and stand. During the game you will walk as you normally do. Then you will 
stand for a whole minute like a big and tall tree. Finally, you will sit on the table and let your leg 
swing.  
You will stand on a vibration platform three times and watch a cartoon movie. Each time 
will be three minutes of vibration and three minutes of rest.  After vibration, you will do the 
walking and standing trials again. You will receive a sticker after each task. At the end of the 
game we will count how many stickers you have.  
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Second visit 
You will walk as you normally do first. Then you will stand on the vibration platform 
nice and tall again. You will stand on it for eight times. Sometimes the vibration is strong, some-
times it is weak. Each time you will only need to stand for one minute. After the vibration, you 
will walk along the walkway again. Every time you complete the walking task, you will receive a 
sticker. At the end of the game we will count how many stickers you have.  
You don’t have to play if you don’t want to. No one will be mad at you if you don’t want 
to play. Would you like to come play games with me? Would you like to be in the study? 
The child participant provides verbal assent to participate in this study. 
 
 
_______________________________        _________________         ____________________  
Child Participant Name        Age    Date 
 
_____________________________________        ____________________________________  
Name of Investigator           Signature of Investigator 
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Appendix A.3 Child assent form for participants between 11-17 years old 
Georgia State University 
Department of Kinesiology and Health 
Title: Effects of whole-body vibration on children with cerebral palsy  
Principal Investigator: Jianhua (Jerry) Wu, Ph.D.  
Student Principal Investigator: Huaqing (Virginia) Liang  
Child Assent Script (for children aged 11-17 years old) 
The following assent script is delivered to the participant. 
You are invited to take part in this research study about children with cerebral palsy. The 
researchers from Georgia State University is going to learn more about walking and standing af-
ter whole-body vibration in children with cerebral palsy.  
During the first visit, we will measure your height and weight to see how big and tall you 
are. Then you will lie down on the table and relax, and let me bend your knees and ankles. (The 
next two sentences will not be delivered to the child if we visit the participant at his/her place.) 
Next we will attach some shiny stickers to you. These stickers will help us to see how you walk 
and stand. You will walk as you normally do. Then you will stand for a whole minute like a big 
and tall tree. Finally, you will sit on the table and let your leg swing.  
You will stand on a vibration platform three times and watch a cartoon movie. Each time 
will be three minutes of vibration and three minutes of rest.  After vibration, you will do the 
walking and standing trials again. You will receive a sticker after each task. At the end of the 
game we will count how many stickers you have.  
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During the second visit, you will walk as you normally do first. Then you will stand on 
the vibration platform nice and tall again. You will stand on it for eight times. Sometimes the vi-
bration is strong, sometimes it is weak. Each time you will only need to stand for one minute. 
After the vibration, you will walk along the walkway again. Every time you complete the walk-
ing task, you will receive a sticker. At the end of the game we will count how many stickers you 
have.  
When you are standing on the vibration platform, you might feel nausea, lightheaded or 
dizziness, and itching in lower legs. These feeling are usually harmless and goes away quickly. 
You may have minor skin lesions on contact surface, or lose your balance. There will be a re-
searcher standing behind you to make sure you don’t fell. If you feel any discomfort, let us know 
and we will take a break or stop the study. 
The vibration session may be helpful in your walking ability. This positive effect might 
last less than one hour or longer. However, this benefit is not guaranteed.  
You only have to take part if you want to. You don’t have to be in this study, and your 
parent(s)/legal guardian(s) cannot make you be in it. You can stop at any time, and if you do not 
want to continue then you do not have to.  No one will be mad at you if you want to stop. 
Would you like to be in this study? 
 
__________________________    ______    ____________________________    ___________ 
Participant’s Printed Name            Age    Participant’s Signature     Date 
 
___________________________   ____________________________ __________________ 
Investigator’s Printed Name   Signature of Investigator  Date 
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Appendix B Individual data 
Appendix B.1 Individual data of the modified Ashworth scale (MAS) score 
(a) MAS score of the ankle plantarflexors with knee extended (KE) and knee flexed (KF) 
Subgroup Participant 
ID 
Plantarflexors (KE) Plantarflexors (KF) 
Pre LA-Post HA-Post Pre LA-Post HA-Post 
High- 
response 
CP01 3 2 1 3 2 1 
CP02 2 2 2 1 1 1 
CP03 2 0 0 2 0 0 
CP04 0 0 NA1 0 0 NA1 
CP08 3 2 0 2 0 1 
Low- 
response 
CP05 0 0 NA1 0 0 NA1 
CP06 3 3 3 3 2 2 
CP07 3 2 1 3 2 2 
CP09 0 0 0 1 0 0 
CP10 1 0 0 0 0 0 
1. Participants CP04 and CP05 dropped out of the study after completion of the LA vibration session. 
Note that for the convenience of calculating the subgroup mean value, MAS grade 1+ was recorded as 2, and MAS 
grades 2-4 were recorded as 3-5.  
(b) MAS score of the knee extensors and knee flexors 
Subgroup Participant 
ID 
Knee extensors Knee flexors 
Pre LA-Post HA-Post Pre LA-Post HA-Post 
High- 
response 
CP01 2 0 1 3 0 0 
CP02 0 0 0 1 1 1 
CP03 1 0 1 0 0 0 
CP04 0 0 NA1 0 0 NA1 
CP08 0 0 0 0 0 0 
Low- 
response 
CP05 3 2 NA1 0 0 NA1 
CP06 1 1 1 0 0 0 
CP07 0 0 0 3 0 0 
CP09 0 0 0 0 0 0 
CP10 0 0 0 0 0 0 
1. Participants CP04 and CP05 dropped out of the study after completion of the LA vibration session. 
Note that for the convenience of calculating the subgroup mean value, MAS grade 1+ was recorded as 2, and MAS 
grades 2-4 were recorded as 3-5, respectively.  
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Appendix B.2 Mean (SD) of stride length and stride velocity for each individual 
Subgroup Participant 
ID 
Stride length (m) Stride velocity (m/s) 
Pre LA-Post HA-Post Pre LA-Post HA-Post 
High-re-
sponse 
CP01 0.45 
(0.08) 
0.32 
(0.07) 
0.57 
(0.04) 
0.36 
(0.11) 
0.26 
(0.07) 
0.46 
(0.05) 
CP02 1.33 
(0.08) 
1.33 
(0.03) 
1.41 
(0.04) 
1.53 
(0.14) 
1.55 
(0.06) 
1.64 
(0.07) 
CP03 0.45 
(0.17) 
0.53 
(0.16) 
0.65 
(0.18) 
0.42 
(0.10) 
0.66 
(0.19) 
0.77 
(0.12) 
CP04 0.82 
(0.11) 
0.96 
(0.10) 
NA1 0.79 
(0.21) 
1.22 
(0.17) 
NA1 
CP08 0.44 
(0.12) 
0.43 
(0.07) 
0.66 
(0.09) 
0.44 
(0.11) 
0.40 
(0.09) 
0.59 
(0.12) 
Low-re-
sponse 
CP05 1.02 
(0.07) 
0.99 
(0.09) 
NA1 1.12 
(0.15) 
1.19 
(0.10) 
NA1 
CP06 0.88 
(0.08) 
0.78 
(0.12) 
0.83 
(0.03) 
0.76 
(0.09) 
0.76 
(0.11) 
0.77 
(0.09) 
CP07 0.67 
(0.10) 
0.76 
(0.06) 
0.65 
(0.002) 
0.90 
(0.18) 
1.10 
(0.09) 
0.73 
(0.07) 
CP09 0.98 
(0.02) 
0.90 
(0.09) 
0.89 
(0.04) 
1.04 
(0.04) 
0.86 
(0.16) 
0.85 
(0.16) 
CP10 1.10 
(0.07) 
1.04 
(0.11) 
1.08 
(0.06) 
1.17 
(0.14) 
1.12 
(0.14) 
1.23 
(0.14) 
1. Participants CP04 and CP05 dropped out of the study after completion of the LA vibration session. 
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Appendix B.3 Mean (SD) of range-of-motion (ROM) of ankle and knee for each individual 
Subgroup Participant 
ID 
Ankle ROM (degrees) Knee ROM (degrees) 
Pre LA-Post HA-Post Pre LA-Post HA-Post 
High-re-
sponse 
CP01 16.3 
(5.3) 
15.0 
(3.6) 
21.0 
(1.4) 
31.8 
(7.3) 
25.8 
(5.5) 
35.8 
(5.3) 
CP02 24.5 
(3.5) 
24.2 
(1.5) 
25.3 
(1.6) 
57.5 
(6.2) 
62.7 
(2.8) 
65.1 
(3.4) 
CP03 18.2 
(6.8) 
20.9 
(4.1) 
39.0 
(25.2) 
33.6 
(9.2) 
41.5 
(10.3) 
45.0 
(3.6) 
CP04 17.5 
(2.1) 
29.0 
(5.7) 
NA1 47.0 
(3.6) 
45.5 
(1.4) 
NA1 
CP08 19.4 
(4.7) 
23.8 
(6.6) 
25.8 
(6.0) 
46.4 
(3.8) 
47.7 
(7.5) 
53.7 
(5.6) 
Low-re-
sponse 
CP05 30.5 
(3.5) 
22.3 
(4.1) 
NA1 39.5 
(8.3) 
46.8 
(11.9) 
NA1 
CP06 21.4 
(6.2) 
25.0 
(3.4) 
24.3 
(2.9) 
54.3 
(9.9) 
36.5 
(6.0) 
46.7 
(4.6) 
CP07 15.3 
(4.1) 
21.2 
(8.9) 
27.4 
(4.8) 
42.9 
(3.5) 
46.0 
(2.7) 
44.5 
(8.5) 
CP09 39.4 
(1.7) 
40.8 
(12.5) 
39.0 
(3.7) 
63.0 
(5.6) 
64.3 
(12.7) 
58.0 
(8.9) 
CP10 33.7 
(5.7) 
45.7 
(4.5) 
42.8 
(9.1) 
54.3 
(3.1) 
52.0 
(4.4) 
58.3 
(4.3) 
1. Participants CP04 and CP05 dropped out of the study after completion of the LA vibration session. 
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Appendix B.4 Individual EMG data of the leg muscles during walking 
(a) Mean (SD) of the integrated area within a gait cycle of the lateral gastrocnemius (LG) and 
tibialis anterior (TA) during walking for each individual  
Subgroup Participant 
ID 
Integrated area of LG (µV·s) Integrated area of TA (µV·s) 
Pre LA-Post HA-Post Pre LA-Post HA-Post 
High-re-
sponse 
CP01 29.1 
(7.6) 
38.3 
(15.3) 
38.7 
(8.2) 
32.2 
(10.3) 
19.3 
(5.1) 
NA2 
CP02 35.0 
(9.5) 
27.0 
(3.4) 
25.4 
(4.1) 
85.6 
(8.3) 
67.9 
(8.1) 
67.8 
(8.9) 
CP03 33.5 
(10.5) 
27.3 
(7.4) 
43.4 
(7.8) 
28.1 
(10.5) 
21.8 
(4.6) 
29.4 
(11.2) 
CP04 45.1 
(8.5) 
53.0 
(9.8) 
NA1 87.6 
(11.0) 
79.5 
(10.1) 
NA1 
CP08 32.0 
(6.3) 
40.6 
(12.6) 
32.5 
(15.9) 
68.8 
(14.2) 
70.3 
(14.6) 
31.3 
(12.7) 
Low-re-
sponse 
CP05 45.6 
(6.0) 
47.3 
(14.2) 
NA1 32.5 
(2.3) 
29.4 
(2.0) 
NA1 
CP06 99.2 
(17.8) 
67.6 
(11.2) 
75.0 
(6.3) 
104.2 
(21.5) 
76.0 
(15.2) 
74.8 
(7.7) 
CP07 77.5 
(10.4) 
74.5 
(8.0) 
60.6 
(9.3) 
79.1 
(6.5) 
78.1 
(5.5) 
59.5 
(6.0) 
CP09 100.9 
(14.2) 
97.7 
(12.8) 
95.8 
(8.7) 
73.3 
(10.9) 
68.0 
(6.4) 
65.0 
(5.9) 
CP10 27.1 
(2.5) 
24.7 
(4.1) 
24.9 
(1.1) 
54.4 
(4.3) 
48.5 
(10.5) 
49.4 
(5.6) 
1. Participants CP04 and CP05 dropped out of the study after completion of the LA vibration session. 
2. Data was not used because of obvious EMG artefact.  
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(b) Mean (SD) of the integrated area within a gait cycle of the vastus lateralis (VL) and biceps 
femoris (BF) during walking for each individual 
Subgroup Participant 
ID 
Integrated area of VL (µV·s) Integrated area of BF (µV·s) 
Pre LA-Post HA-Post Pre LA-Post HA-Post 
High-re-
sponse 
CP01 22.6 
(5.5) 
24.5 
(7.6) 
67.0 
(16.4) 
15.3 
(5.4) 
14.3 
(4.6) 
17.2 
(1.7) 
CP02 26.5 
(3.5) 
24.1 
(3.1) 
26.9 
(5.2) 
19.2 
(2.0) 
20.2 
(2.5) 
NA2 
CP03 32.9 
(9.0) 
25.4 
(4.9) 
27.6 
(5.8) 
16.3 
(4.9) 
14.5 
(3.7) 
15.5 
(4.5) 
CP04 6.4  
(0.8) 
14.8 
(4.0) 
NA1 23.4 
(4.0) 
25.4 
(4.3) 
NA1 
CP08 42.8 
(7.4) 
68.2 
(20.6) 
NA2 36.6 
(7.4) 
41.6 
(12.4) 
NA2 
Low-re-
sponse 
CP05 14.5 
(3.4) 
14.2 
(3.0) 
NA1 52.1 
(5.5) 
48.0 
(16.4) 
NA1 
CP06 51.0 
(17.1) 
27.6 
(7.6) 
25.3 
(1.6) 
30.6 
(6.7) 
22.1 
(3.5) 
23.4 
(1.5) 
CP07 87.0 
(11.4) 
86.9 
(7.4) 
66.0 
(7.6) 
32.9 
(4.2) 
33.6 
(3.3) 
21.1 
(1.9) 
CP09 55.2 
(11.7) 
46.0 
(11.1) 
52.4 
(9.9) 
24.5 
(4.4) 
20.6 
(4.2) 
25.1 
(4.6) 
CP10 17.4 
(2.0) 
16.3 
(3.0) 
14.9 
(1.6) 
19.2 
(2.3) 
19.2 
(3.1) 
16.7 
(2.5) 
1. Participants CP04 and CP05 dropped out of the study after completion of the LA vibration session. 
2. Data was not used because of obvious EMG artefact.  
 
